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INTRODUCTION 


This  Is  the  final  report  of  a  research  program  carried  out  at  Rocketdyne 
between  1  March  1982  and  31  December  1983.  The  purpose  of  this  program  was  to 
explore  the  synthesis  and  properties  of  energetic  Inorganic  halogen  oxidi¬ 
zers.  Although  the  program  was  directed  toward  basic  research,  applications 
of  the  results  were  continuously  considered. 

Only  completed  Items  of  research,  which  have  been  summarized  in  manuscript 
form,  are  Included  in  this  report.  A  total  of  14  technical  papers  were  pub 
1 1  shed  and  9  papers  are  In  press  In  major  scientific  journals.  In  addition,  8 
papers  were  presented  at  International  and  national  conferences.  A  further 
testimony  to  the  creativity  of  this  program  Is  the  fact  that  It  resulted  In  3 
U.S.  patents  Issued  and  5  pending.  The  technical  papers  and  Issued  patents 
are  reproduced  In  Appendices  A  through  Z. 


PU8LI CAT  IONS  AND  PATENTS  GENERATEO  UNDER  THIS  PROGRAM 


PUBLICATIONS 

1.  "Syntheses  of  NF*  Salts  Derived  From  the  Lewis  Acids  AIF^  and 

8eF2,"  by  K.  0.  Chrlste,  W.  W.  Wilson  and  C.  J.  Schack,  J.  Fluorine 
Chem..  20.  751  (1982). 

2.  "Perf luoroammonlum  Salts  of  Metal  Heptaf 1 uorlde  Anions,"  by  W.  W.  Wilson 
and  K.  0.  Chrlste,  Inorq.  Chem..  21..  2091  (1982). 

3.  "Fluorine  Perchlorate.  Vibrational  Spectra,  Force  Field,  and  Thermody¬ 
namic  Properties,"  by  K.  0.  Chrlste  and  E.  C.  Curtis,  Inorq.  Chem. .  21., 
2938  (1982). 

4.  "Perf luoroammonl urn  and  Alkali-Metal  Salts  of  the  Heptaf luoroxenon  (VI)  and 
Octaf luoroxenon  (VI)  Anions,"  by  K.  0.  Chrlste  and  W.  W.  Wllsor.,  Inorq. 
Chem..  21,  4113  (1982). 

5.  "Synthesis  and  Characterization  of  TeF^OF,"  by  C.  J.  Schack,  W.  W. 
Wilson  and  K.  0.  Chrlste,  Inorq.  Chem..  22,  18  (1983). 

6.  "Synthesis  of  N,N-D1f luoro-O-perf luoroalkylhydroxylamlnes.  1.  Reaction 
of  Perf luoroalkyl  Hypof luorl tes  with  01 f luoramlne,"  by  W.  Maya, 
D.  Plllpovlch,  M.  G.  Warner,  R.  D.  Wilson  and  K.  0.  Chrlste,  Inorq.  Chem.. 
22.  810  (1983). 

7.  "EPR  Evidence  on  Molecular  and  Electronic  Structure  of  Nitrogen  Trlfluor- 
Ide  Radical  Cation,"  by  A.  M.  Maurice,  R.  L.  8elford,  I.  8.  Goldberg  and 
K.  0.  Chrlste,  J.  Amer.  Chem.  Soc . .  105,  3799  (1983). 

8.  "Synthesis  of  N . N-0 1 f luoro-O-perhaloal kylhydroxy lamlnes .  2.  Lewis  Acid 

Catalyzed  Addition  of  NF^O  to  Olefins,"  by  R.  0.  Wilson,  W.  Maya, 
n,  Plllpovlch  and  K  0.  Chrlste,  Inorq.  Chem...  22.  1355  (1983). 

9.  "Nitrogen-14  and  Nitrogen-15  NMR  Spectroscopy  of  F luoronl trogen  Cations: 
»  and  a  Fluoro  Effects,"  by  J.  Mason  and  K.  0.  Chrlste,  Inorq.  Chem.. 
22.  1849  (1983). 

10.  "Synthesis  and  Properties  of  C1F,8F by  K .  0.  Chrlste  and  W.  W. 

b  4 

Wilson,  Inorq.  Chem..  22,  1950  (1983). 

11.  "Coordlnatlvejy  Saturated  Jomplex  Fluoro  Cations.  Synthesis  and  Characteri¬ 
zation  of  C1F6AsF6  and  Cl F6SbF6 ,  by  K.  0.  Chrlste,  W.  W.  Wilson,  and  E.  C. 

Curtis,  Inorq.  Chem,.  22,  3056  (1983). 
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12.  "On  the  Reality  of  Positive  Fluorine,"  by  K.  0.  Chrlste,  _ Fluorine 

Chem.,  22,  519  (1983). 

13.  "Thermochemistry  of  NF^  Salts.  On  the  Enthalpy  of  Formation  of 
NF^XeF-j  and  the  Nf4SbF&-3rF3  System,"  by  K.  0.  Christe,  W.  W. 
Wilson,  R.  0.  Wilson,  R.  Bougon,  and  T.  8ui  Huy,  3.  Fluorine  Chem.,  23, 
399  (1983). 

14.  "Far-Infrared  Laser  Magnetic  Resonance  Detection  of  FO^,*  by  F.  Temps, 
H.  6.  Wagner,  P.  8.  Davies,  0.  P.  Stern,  and  K.O.  Christe,  J.  Phys.  Chem., 
87.  5068  (1983). 

PAPERS  IN  PRESS 

15.  "Positive  Fluorine  -  Reality  or  Mlsconcept?, "  by  K.  0.  Chrlste,  J.  Fluor¬ 
ine  Chem. 

16.  “Tetraf iuoroammoni urn  Salts,”  by  K.  0.  Christe,  W.  W.  Wilson,  C.  J.  Schack 
and  R.  0.  Wilson,  Inorq.  Synth. 

17.  "Tungsten  Oxloe  Tetraf luoride, "  by  W.  W.  Wilson  and  K.  0.  Chrlste,  Inorq. 
Synth. 

18.  "Coordlnatively  Saturated  Fluoro  Cations.  Oxidative  Fluorlnatlon  Reac¬ 
tions  with  KrFf  Salts  and  PtF^,"  by  K.  0.  Christe,  W.  W.  Wilson  and 
R.  0.  Wilson,  Inorq.  Chem. 

19.  "Cesium  Hexaf luoromanganate( IV) , ”  by  W.  W.  Wilson  and  K.  0.  Chrlste, 
Inorq.  Synth. 

20.  "Chloryl  Fluoride,"  by  K.  0.  Christe,  R.  0.  Wilson  and  C.  J.  Schack, 
Inorq.  Synth. 

21.  “Some  Interesting  Observations  in  Chlorine  Oxyfluorlde  Chemistry,"  by  K. 
0.  Chrlste  and  W.  W.  Wilson,  3.  Fluorine  Chem. 

??.  "Structure  and  Vibrational  Spectra  of  Oxonlum  Hexaf luoroArsenates  (V)  and 
-Antimonates  (V),"  by  K.  0.  Chrlste,  P.  Charpin,  E.  Soulie,  R.  8ougon  and 
J.  Fawcett,  Inorq.  Chem. 

23.  "The  Gas  Phase  Structure  of  c ^ 3N 3 '  *n  Electron  Oiffraction,  Microwave 
Spectroscopy  and  Normal  Coordinate  Analysis,"  by  K .  0.  Chrlste,  0.  Chris¬ 
ten,  0.  Christen,  H.  Oberhsmmer,  and  C.  3.  Schack,  Inorq.  Chem. 
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PAPERS  PRESEN1E0  AT  MEETINGS 


24.  "Structure  of  Fluorine  Containing  Radical  Anions  from  ESR  Studies  of 

and  33S  Hyperflne  Interaction,"  by  B.  W.  Walther,  J.  T.  Wang,  f.  Wil¬ 

liams,  K .  0.  Chrlste  ano  C.  J.  Schack,  186th  ACS  National  Meeting,  Wash¬ 
ington,  O.C.,  August  1983. 

25.  "Pentaf luorotel lurlum  Hypof luorlte , "  by  C.  J.  Schack,  W.  W.  Wilson  and 

K.  0.  Chrlste,  183rd  National  ACS  Meeting,  Las  Vegas,  Nevada,  April  1902. 

26.  “ C 1 F ^  Chemistry  and  the  Use  of  KrF?  for  the  Synthesis  of  High  Oxi¬ 
dation  State  Catlnns,"  by  W.  W.  Wilson,  R.  0.  Wilson,  and  K.  0.  Chrlste, 

10th  International  Symposium  on  Fluorine  Chemistry,  Vancouver,  B.C., 
August  1982. 

27.  "Perfluoro  Ammonium  and  Alkali  Hetal  Salts  of  the  Heptafluoro  Xenon  (VI) 

and  Octafluoro  Xenon  (VI)  Anions,"  by  K.  0.  Chrlste  and  W.  W.  Wilson,  10th 

International  Symposium  on  Fluorine  Chemistry,  Vancouver,  B.C.,  August 
1982. 

28.  "Synthesis  of  N,N-01f luoro-0  Perhaloalkylhydroxylamlnes,"  by  K.  0. 
Chrlste,  W.  Maya,  0.  Plllpovlch,  M.  Warner  and  R.  Wilson,  Sixth  Winter 
Fluorine  Conference,  Oaytona  Beach,  FLA.,  February  1983. 

29.  "Twenty  Years  of  Excitement  In  High-Energy  Halogen  Oxidizers,"  by  K.  0. 
Chrlste,  Distinguished  Symposium  on  Chemistry  Near  the  Limits  of  Oxidation 
and  Bonding,  Tarrytown,  NY,  March  1983. 

30.  "Synthesis  of  Coordlnatlvel y  Saturated  Complex  Fluoro  Cations,"  by  K.  0. 
Chrlste  and  W.  W.  Wilson,  8th  European  Symposium  on  Fluorine  Chemistry, 
Jerusalem,  Israel,  August  1983. 

31.  Invited  seminars  on  various  aspects  of  our  work  were  given  at  UC  Berkeley 
and  the  North  Carolina  ACS  Sprtinn, 

PATENTS  ISSUEO 

32.  "Iodine  (VII)  Oxytetraf luorohypof luorlte  and  a  Process  for  Preparing 
Same,"  by  K.  0.  Chrlste  and  R.  0.  Wilson,  U.S.  Pat.  4,329,330  (May  1982). 

33.  "Peroxonlum  Salts,"  by  K.  0.  Chrlste  and  W.  W.  Wilson,  U.S.  Pat. 

4,339,423  (July  1982). 

34.  "Stable  NF*  Salt  of  High  Fluorine  Content,"  by  K.  0.  Chrlste  and 
W.  W  Wilson,  U.S.  Pat.  4,374,112  (February  1983). 
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PATENTS  PENDING 


35.  "Improved  Nf  3~F  2  Gas  Generator  Composition,"  by  X .  0.  Chrlste  and 
W.  W.  Wilson. 

36.  "Pentaf luorotellurlum  Hypof luorlte , "  TeF^OF,  by  C.  J.  Schack,  W.  W.  Wil¬ 
son  and  X .  0.  Chrlste. 

37.  "NF^XeF7  and  (NF^XeFg,"  by  X.  0.  Chrlste  and  W.  W.  Wilson. 

38.  "NF^WF-j  and  NF^UF^  and  Methods  of  Preparation,''  by  W.  W.  Wilson 
and  X.  0.  Chrlste. 

39.  "(NF 4)2S1F6  and  a  Method  of  Preparation,"  by  K.  0.  Chrlste  and 
W.  W.  Wilson. 


RESULTS  AND  DISCUSSION 


In  view  of  the  large  amount  of  data  generated  under  this  program,  we  will 
limit  ourselves  to  a  highlight  of  the  major  areas.  For  more  detail,  the 
Interested  reader  Is  referred  to  the  manuscripts  given  In  the  Appendix. 

C1F*  CHEMISTRY 
b 

The  two  most  promising  energetic  oxidizer  cations  are  NF*  and  C1F* 

4  b 

Their  central  atoms  are  In  their  highest  oxidation  states  (*V  N  and  ♦V 1 1  Cl) 
and  they  possess  a  high  fluorine  content.  Whereas  the  N-F  and  Cl-F  bond  ener¬ 
gies  are  relatively  low  which  make  them  powerful  oxidizers,  these  bond  ener¬ 
gies  are  high  enough  to  give  them  good  stability.  Furthermore,  these  two  Ions 
possess  outstanding  kinetic  stability  due  to  their  energetically  favorable 
structures  (tetrahedron  for  NF*  and  octahedron  for  C1F*}.  This  Is 
also  reflected  by  the  fact  that  NF*  and  C1F*  are  Isoelectronlc  with 
CF^  and  SF&,  respectively,  which  are  the  two  most  thermally  stable  cova¬ 
lent  Inorganic  fluorloes. 


Whereas  the  chemistry  of  Nf^  had  been  well  developed  during  the  past  dec¬ 

ade,  very  little  work  had  been  done  on  C1F*  Although  the  existence  of 

♦  6 
CIF^  had  been  firmly  established  In  1972  (Ref.  1,2),  the  only  known 

C1F,  salt  was  ClF,PtF'  which  could  be  prepared  only  as  an 

b  b  b 

Inseparable  mixture  with  ClF^PtF&.  Claims  by  Glemser  and  coworkers  for 

the  synthesis  of  CIF.AuF,  (Ref.  3)  and  by  Batsanov  and  coworkers  for 

b  b 

ClF^CuF^  (Ref.  4)  were  shown  (Ref.  5)  to  be  Invalid.  Consequently,  It  was 

very  desirable  to  develop  methods  for  the  synthesis  of  pure  C1F*  salts 

b 

and  to  determine  their  potential  as  high  energy  oxidizers. 


Using  KrF?  as  the  oxidizer,  we  have  succeeded  In  preparing  pure  ClFfeAsF& 
and  ClFfeSbF&  (see  Appendix  A).  The  salts  were  thoroughly  characterized 
and  exhibited  very  good  thermal  stability.  In  order  to  Increase  the  energy 
content  of  Cl F ^  salts,  the  weight  of  the  nonenergetlc  counterion  must  be 
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minimized.  This  goal  was  achieved  (see  Appendix  B)  by  replacing  AsF~  by 

b 

BF^  using  low-temperature  metathetlcal  techniques  previously  developed  in 
our  laboratory  for  NF^  salts.  The  CIF^BF^  also  exhibited  good  ther¬ 
mal  stability  and  Is  a  potentially  useful  oxidizer.  Attempts  to  replace  the 
nonenergetlc  anions  by  the  energetic  CIO”  anion  (see  Appendix  C)  were 
only  partially  successful.  By  analogy  with  NF  1 0^  (Ref.  6),  ClF^CiO^ 
was  found  to  be  thermally  unstable.  However,  as  with  NF^CIO^,  the  decom¬ 
position  of  CIF^CIO^  provides  a  new,  high  yield  synthesis  of  the  Interest¬ 
ing  hypof luorlte,  FOCIO^. 

Performance  calculations  were  carried  out  for  C1F,BF.  with  various  fuels. 

6  4 

It  was  found  that  the  performance  of  C1F,BF.  Is  close  to  but  not  quite  as 

b  4 

good  as  that  of  NF^BF^.  In  view  of  the  fact  that  NF^BF^  Is  thermally 

more  stable  and  easier  to  prepare  than  C1F,BF.,  the  NF.  cation 

b  4  4 

remains  the  most  proml-lng  cationic  oxidizer  presently  known. 

NF*  CHEMISTRY 

In  view  of  NF*  being  theoretically  the  most  powerful  cationic  oxidizer 
presently  known,  we  have  continued  to  develou  Its  chemistry.  Work  on  the  syn¬ 
theses  of  NF*  salts  derived  from  the  Lewis  acids  A1F'  ,  BeF_,  XeF,, 
4  J  d  b 

WF,  and  UF.  was  completed  and  published  In  manuscript  form  (Appendices  0 
b  b 

through  G) . 

The  (NF^l^XeFg  salt  Is  the  most  energetic  NF  ^  salt  presently  known. 
With  65.6  weight  percent  of  usable  fluorine  (In  the  form  of  F^  and  NF3) 

and  xenon  as  the  only  Inert  byproduct,  (NF^XeFg  Is  capable  of  deliver¬ 
ing  the  highest  known  oerformanre  fnr  any  nf^  gas  generator  composi¬ 

tion.  The  difficulty  of  synthesizing  the  compound,  the  high  cost  of  Xe  and 
the  shock  sensitivity  of  the  XeO^  hydrolysis  product,  however,  render  this 

compound  Impractical  at  the  present  time. 

A  summary  of  the  most  Important  synthetic  methods  for  the  preparation  of 

NF*  salts  was  written  for  publication  In  Inorganic  Syntheses  and  Is  given 
In  Appendices  H  through  J. 


OXIDATIVE  FLUORINATIONS  WITH  KrF *  SALTS  AND  PtF fe 

KrF*  salts,  PtF&  ano  F?  In  the  presence  of  a  Lewis  acid  and  an  activa¬ 
tion  energy  source  appear  to  be  the  most  powerful  fluorinating  agents  pres¬ 
ently  known.  We  therefore  have  carried  out  a  systematic  study  of  the  relative 
oxidizing  power  of  these  three  reagents  and  their  usefulness  for  the  prepara¬ 
tion  of  coordinativel y  saturated  fluoro  cations  (see  Appendix  K) .  It  was  found 
that  KrF*  was  the  strongest  oxidative  fluorinator,  capable  of  fluorinating 
C 1 F 5  to  CIF^,  BrF^  to  Brf!,  and  Nr3  to  NF^.  Pt F ^  was  second  strongest,  and  flu- 

orinated  ClFc  to  Clf!  and  NF.  to  NF*  whereas  activated  F_  in  the  presence  of  a 

b  b  J  4  2 

strong  Lewis  acid  oxidized  only  NF3  to  .  Numerous  attempts  made  to  prepare 
a  substituted  NfJ  cation,  such  as  CFgNF*  of  SF^NF*.  from  KrF*  salts  and  either 
CF3NF?  of  SF^-NF.,  all  failed.  Similary,  attempts  to  prepare  0F+3  from  0F?  and 
KrFf  were  unsuccessful. 

hy: ofluorite  chemistry 

Hypof luorltes  are  strong  oxidizers  and  useful  fluorinating  agents.  During  ou« 
synthesis  of  NF^ClO^  (Ref.  6),  a  convenient  synthesis  was  discovered  for 
FOCI 03  which  allowed  us  to  carry  out  a  thorough  characterization  of  this 
Interesting  compound  (see  Appendix  L).  We  have  also  successfully  synthesized 
and  characterized  the  new  hypofluorlte  TeF,.0F.  This  compound,  which  had 
previously  been  claimed  to  be  nonexistent  (Ref.  7),  was  shown  to  be  surpris¬ 
ingly  stable  (see  Appendix  M) .  The  attempts  made  to  prepare  the  unknown 

C1F.0F  molecule  from  CsCIF.O  and  FOSCLF  were  unsuccessful,  but  led  to  an 

4  4  2 

interesting  n  abstraction  reaction  from  CIF^O  (see  Appendix  c)  Numerous 
attempts  to  prepare  hitherto  unknown  hypof luorltes  derived  from  transition 
metal  fluorides  were  all  unsuccessful.  The  O^F  radical,  prepared  by  pyroly¬ 
sis  of  O^MF^  salts,  was  characterized  by  far-infrared  laser  magnetic 
resonance  spectroscopy  (see  Appendix  N). 


CHLORINE  OXYFLUORIOES 


Although  the  existence  of  CIF^O  has  previously  been  claimed  (Ref.  8),  this 
claim  has  su-sequently  been  refuted  (Ref.  9).  Performance  calculations  car¬ 
ried  out  at  Rocketdyne  show  that  this  compound  would  be  the  Ideal  storable 
liquid  oxidizer.  Consequently,  extensive  experimental  efforts  were  conducted 
on  the  synthesis  of  this  compound  using  numerous  techniques,  such  as  low- 
temperature  glow  discharge  In  sapphire  reactors,  UV-photolys  1  s ,  and  fluorlna- 
tlon  reactions  with  KrF*  salts  and  Pt .  So  far,  all  efforts  In  this 
direction  have  been  unsuccessful  although  we  firmly  believe  In  the  possible 
existence  of  this  compound.  A  manuscript  on  the  preparation  of  FCIO^  was 
written  for  Inorganic  Synthesis  (Appendix  0). 

ENERGETIC  FLUOROCARBONS 

Work  originally  started  10  years  ago  on  the  synthesis  of  -ONF^  substituted 
fluorocarbons  was  completed  during  this  contract.  It  was  summarized  In  the 
form  of  two  manuscripts  (Appendices  P  and  Q)  and  describes  two  different  syn¬ 
thetic  methods.  One  Involves  the  reaction  of  HNF^  with  hypof luorltes ,  while 
the  other  one  Is  based  on  the  Lewis  acid  catalyzed  addition  of  NF 30  to  C=C 
double  bonds.  Numerous  new  -  ON  F  ^  substituted  fluorocarbons  were  prepared  In 
this  manner  and  were  characterized. 

The  gas  phase  structure  of  the  most  simple  fluorocarbon  azide,  CF^,  was 
determined  by  electron  diffraction  and  microwave  spectroscopy  (see  Appendix  R) . 

STRUCTURAL  STUDIES 

Under  a  previous  contract  (Ref.  10),  a  series  of  unusually  stable  oxonlum 

salts  of  the  composition  OH.MF,  was  discovered.  A  thorough  structural 

J  b 

study  of  these  salts  was  carried  out  using  Isotoplcally  substituted  salts. 
X-ray  and  neutron  diffraction  and  vibrational  spectroscopy  (see  Appendix  S) . 


The  structure  of  the  NF*  radical  cation,  trapped  In  powdered  NF4AsF&, 

was  studied  by  ESR  spectroscopy  (Appendix  T).  The  new  radical  anions  SF~ 

and  SF^O  were  prepared  by  low-temperature  y-lrradlation  of  CsSF^  and 

CsSF^O,  respectively,  and  characterized  by  FSR  spectroscopy.  The  results  of 

this  study  will  be  written  up  In  manuscript  form.  A  number  of  f luoronltrogen 

14  15 

cations  was  Investigated  by  N  and  N  NMR  spectroscopy  and  evidence  for 
«  and  a  fluoro  effect  was  found.  The  results  are  summarized  In  Appendix  U. 

MISCELLANEOUS 

Two  brief  manuscripts  (Appendices  V  and  W)  were  written  to  correct  a  commonly 
accepted  misconception  about  the  existence  of  positively  polarized  fluorine  In 
compounds  such  as  hypof luorltes . 

Three  patents  Issued  during  this  contract  are  given  as  Appendices  X,  Y  and  Z. 
They  deal  with  the  new  Iodine  hypof luorlte  OIF.  OF,  peroxonlum  salts 

4 

FL0*AsF~  and  FU0*SbF~,  and  (NF.KHnf,. 

J<:0  3  c  0  4  £  b 

CONCLUSION 

The  C1F*  cation  Is  an  exceptionally  stable,  highly  energetic  Ion,  compar¬ 
able  to  NF..  Many  of  the  techniques,  previously  developed  for  HF* 

4  +  4 

can  successfully  be  applied  to  ClFc;  however,  more  convenient  routes  must 

b 

be  found  for  the  synthesis  of  ClFc  salts  In  order  to  make  them  competl- 

b 

tlve  with  NF^  salts.  In  addition  we  have  demonstrated  again  that  Inor¬ 
ganic  halogen  oxidizers  are  a  fruitful  area  of  research.  There  are  many  poten¬ 
tial  usp<;  fnr  navel  energetic  compounds  In  traditional  and  new  applications, 
such  as  rocket  propellants,  explosives,  and  chemical  lasers,  and  continuing 
efforts  In  this  direction  are  definitely  warranted.  Furthermore,  the  produc¬ 
tivity  of  this  program  proves  the  feasibility  and  benefits  that  can  be 
expected  from  well-planned,  goal-oriented  basic  research  and  program 
continuity. 
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The  reaction  of  KrF>  with  CIF5  and  AsF5  in  either  CIF5  or  anhydrous  H  F  solution  produces  pure  C1F61 2 3 4AsF6  .  The  white, 
crystalline  solid  is  stable  up  to  1 10  °C  under  a  dynamic  vacuum  and  decomposes  at  higher  temperature  to  CIF},  F2,  and 
AsF5  X-ray  powder  diffraction  patterns  show  that  ClF/AsFft'  (face  centered  cubic;  a  =  9.47  A)  is  isotypic  with  IF6‘AsF6~. 

The  reaction  of  KrF2  with  CIF,  and  SbFs  produces  ClF44SbF6~,  however,  this  salt  could  not  be  isolated  in  pure  form.  I9F 
NMR  and  vibrational  spectra  were  recorded  for  the  C1F*4  salts,  and  an  anharmonic  general  valence  force  field  was  computed 
for  CIF6+  by  using  the  observed  frequencies  and  the  ”CI-5,CI  isotopic  shift  of  t>j  (Flu).  General  methods  for  the  syntheses 
of  coordinatively  saturated  complex  fluoro  cations  are  compared  and  discussed. 


Introduction 

T!te  two  kinetically  most  stable  covalent  inorganic  fluorides 
are  CF4  and  SF6.  Their  exceptional  stability  is  due  to  the 
energetically  favorable  sp3  and  sp3d2  hybridization,  respectively, 
of  the  valence-electron  orbitals  of  the  central  atoms  and  thetr 
coordinative  saturation.  Their  isoelectronic  complex  fluoro 
cations  arc  NF4*  and  C1F64,  respectively.  Recent  studies  in 
our  and  other  laboratories  have  shown  that  the  NF4+  cation 
possesses  unusual  k'ne'ic  smhiliiv1  and  forms  a  surprisingly 
large  number  of  stable  salts.2  Consequently,  a  similar  behavior 
might  be  predicted  for  CIF6+,  which  is  isoelectronic  with  SF6. 

Although  the  C1F64  cation  has  been  known  for  a  decade, ^ 
the  only  salt  prepared  to  date  is  its  PtF6  salt 

2CIF,  +  2PtF6  -•-L-iV-^  CIF/PtF,-  +  CIF/PiFr  (I) 

Pyre*  filler 

6FCI02  +  6Pt F6  -*  5CI024PtF6-  +  CIF64PtF6-  +  O,  (2) 
In  both  reactions  the  CIF6+PtF6~  product  could  not  be  sepa- 


(1)  Christe,  K.  O  :  Wilson.  R,  D  .Goldberg.  I.  B.  Inorg.  Chem.  1979,  18. 
2572  and  references  cited  therein. 

(2)  Wilson,  W.  W.;  Christe,  K.  O.  Inorg.  Chem.  1982,  21.  209 1  and  ref¬ 
erences  cited  therein. 

(3)  Roberto,  F.  Q  Inorg.  Nucl.  Chem.  Lew  1972,  8.  737. 

(4)  Christe,  K.  O.  Inorg.  Nucl  Chem.  Leu.  1972.  8,  74 1 

(5)  Christe,  K.  O.  Inorg.  Chem.  1973.  12.  t580.  A-  I 


rated  from  the  other  solid  byproducts,  and  to  our  knowledge 
the  preparation  of  a  pure  CIF6+  salt  has  previously  not  been 
achieved.  Although  claims  for  the  syntheses  of  CIF64AuF6'6 
and  CIF64CuF4’7  have  previously  been  made,  either  these 
claims  have  been  withdrawn8  or,  for  CIF64CuF4‘,  the  reported 
properties  are  incompatible  with  the  presence  of  a  CIF64  salt.42 
Therefore,  the  purpose  of  this  study  was  the  preparation  of 
pure  CIF64  salts,  preferably  containing  counterions  more  ac¬ 
cessible  than  the  exotic  PtF6". 

Experimental  Section 

Caution'.  The  reaction  of  KrF2  with  AsF5  can  result  in  a  spon¬ 
taneous  exothermic  decomposition  of  KrF2  accompanied  by  a  bright 
flash  and  gas  evolution.9  Proper  safety  precautions  should  be  used 
in  working  with  this  system. 

Apparatus  and  Materials.  Volatile  materials  used  in  this  work  were 
manipulated  in  a  well-passivated  (with  ClFj)  stainless-steel-Teflon 
FEP  vacuum  system.  The  reactions  between  KrF2,  CIF5,  and  a  Lewis 
arid  were  carried  out  in  either  a  1 0-mL  stainless-steel  cylinder  (Hoke) 
or  a  30  cm  long,  0.5-in.  o.d.  sapphire  tube  that  was  connected  to  a 
stainless-steel  valve  with  a  Swagelok  compression  fitting  using  a  Teflon 


(6)  Glemser,  O.;  Zilchner,  K.;  Bartlett,  N.  Paper  192,  9th  International 
Symposium  on  Fluorine  Chemistry,  Avignon,  France.  Sept  t979. 

(7)  Batsanov.  A.  S.;  Struchkov,  Yu.  T„  Balsanov,  S.  S  Dokl.  Akad.  Nauk 
SSSR.  See  Khim.  1980.  251,  347. 

(8)  Bartlett,  N„  private  communication. 

(9)  Gillespie,  R.  J.;  Schrobilgen,  G.  J  Inorg.  Chem.  1976,  15,  22. 
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iron!  ai'.'i  ;i  stainless-steel  backup  ferrule.  A  metal  support  frame 
was  nsec!  to  guard  against  slippage  of  the  sapphire  tube  out  of  the 
compression  seal  at  elevated  pressure.  To  avoid  the  facile  decom¬ 
position  of  KrPj  during  dead-end  transfers,  the  reactors  were  designed 
to  permit  pump-through  operation  by  means  of  a  dip  lube.  Solid 
materials  were  handled  in  the  dry-nitrogen,  atmosphere  of  a  glovebox. 

Infrared  spectra  "'ere  recorded  on  a  Perkin-Elmer  Model  283 
spectrometer,  which  was  calibrated  by  comparison  with  standard  gas 
calibration  points.10  "'  The  reported  frequencies  and  isotopic  shifts 
are  beueved  to  be  accurate  to  ±2  and  ±0.3  cm-1,  respectively.  Gas 
spectra  were  recorded  with  a  Teflon  cell  of  5-cm  path  length  equipped 
with  AgCI  windows.  Spectra  of  solids  were  recorded  as  dry  powders 
pressed  between  AgCI  windows  in  an  Econo  press  (Barnes  Engineering 
Co.).  Raman  spectra  were  recorded  on  a  Cary  Model  83  spectro¬ 
photometer  using  the  4 8 HO- A  exciting  line  of  an  Ar  ion  laser  and  a 
Ciaassen  filter12  for  the  elimination  of  plasma  lines.  Sealed  glass  or 
quartz  tubes  were  used  as  sample  containers.  The  iow-temperature 
spectra  were  recorded  by  using  a  previously  described  device.15 

The  19 F  NMR  spectra  were  recorded  at  84.6  MHz  on  a  Varian 
Mode!  EM 390  spectrometer  using  heat-sealed  Teflon  FEP  sample 
tubes  (Wilmad  Glass  Co.)  and  CFO,  as  an  external  standard  with 
positive  shifts  being  downfield  from  the  standard.14 

X-ray  powder  diffraction  patterns  were  recorded  on  a  General 
Electric  XRD6  diffractometer  using  Mi-filtered  Cu  K«  radiation.  The 
sample  holder  was  machined  out  of  a  solid  Teflon  block,  and  the 
powdered  sample  was  held  in  place  and  protected  against  atmospheric 
moisture  by  a  !  mil  thick  Teflon  FEP  sheet,  which  was  sealed  against 
the  Teflon  block  with  a  plastic  snap  ring.  Lines  having  8  values  of 
less  than  10°  were  difficult  to  measure  by  this  technique  due  to 
interference  by  Teflon  lines.  The  instrument  was  calibrated  with  NaCl 
and  1F6AsF6  powder. 

Chlorine  pentafiuoride15  and  KrF:14'18  were  prepared  by  previously 
described  methods.  Hydrogen  fluoride  (Mathcson)  was  dried  by 
storage  over  BiFs.19  Arsenic  pentafiuoride  (Ozark  Mahoning)  and 
BFj  (Mathcson)  were  purified  by  fractional  condensation,  and  SbF, 
(Ozark  Mahoning)  was  purified  by  distillation. 

Synthesis  of  CIF^AsF*.  In  a  typical  experiment,  KrF2  {]  1 .61  mmol) 
and  AsFj  (11,60  mmol)  were  combined  at  -196  °C  in  a  33-mL 
sapphire  reactor.  The  mixture  was  allowed  to  warm  slowly  to  -78 
°C  and  then  to  ambient  temperature  for  10  min,  resulting  in  the 
formation  of  solid  KrFAsFj,.  The  sapphire  tube  was  cooled  to -142 
°C,  and  the  amount  of  Kr  and  F2  (0.50  mmol)  that  had  formed  by 
decomposition  of  some  KrF2  during  the  KrFAs  '*  formation  was 
measured.  Chlorine  pentafiuoride  (29.6  mmol)  was  added  to  the 
reactor  at  -142  °C,  and  the  mixture  was  gently  warmed  to  ambient 
temperature  for  30  min,  resulting  in  a  clear  colorless  solution  containing 
some  white  solid.  Slow  gas  evolution  was  observed  and  measured  by 
retooling  the  reactor  to  -142  °C.  This  process  was  repeated  10  times, 
and  the  reactor  was  finally  kept  at  ambient  temperature  for  2  days 
and  at  40  °C  for  1  h.  A  total  of  about  21  mmol  of  gas  (Kr  and  F2), 
volatile  at  -142  °C,  was  removed  in  this  manner,  suggesting  that  the 
decomposition  of  KrF2  was  essentially  complete.  The  unreacted  C1F} 
and  any  C!F4AsFft  that  has  a  dissociation  pressure  of  about  1  atm 
at  room  temperature20  were  pumped  off  at  25  °C  for  12  h.  The  white 
solid  residue  (428.4  mg  =  1.27  mmol)  was  shown  by  ,9F  NMR, 
infrared,  and  Raman  spectroscopy  to  consist  of  pureCIF*AjFA  (11.15% 
yield  based  on  KrFAsF4). 

The  reaction  between  KrFAsF*  and  CIF5  was  carried  out  as  de¬ 
scribed  above,  except  for  adding  about  6  mL  of  liquid  H  F  to  the  reactor 


(10)  Plyler.  E.  K.;  Danti,  A.;  Blaine,  [..  R.;  Tidwell,  R.  D.  /.  Res,  Nad.  Bur, 
Stand,,  Sect.  A  1960,  64 A,  X4! 

(I!)  International  Union  of  Pure  a;  ‘  Applied  Chemistry.  “Tables  of 
Wavenumbers  for  the  Call  brat  in  of  Infrared  Spectrometers";  Butter- 
worth*:  Washington,  DC,  196! 

(12)  Ciaassen,  H.  H.;  Scllg,  It.;  Shniv.ir,  J.  Ap.pl.  Speclrosc.  1969,  23,  8. 

(13)  Miller,  F,  A.;  Harney.  B.  M.  J  ’;>/>/.  Speclrosc.  1970,  24,  271, 

(14)  Pure  Appl.  Chem.  1972,  29,  62" 

(15)  Pilipovich,  D.;  Maya,  W.;  Lawu  v  A.:  Bauer,  H.  F.;  Sheehan,  D.  F.; 

Osimachi,  N,  N-i  Wilson,  R,  I) . '  lerloy,  F.  C.;  Bedwell,  V,  E,  Inorg, 
Chet*.  1967,  if,  1918. 

(16)  Chrlste,  K.  O.;  Wilson,  R,  D.  /  Chem,  1975,  14,694. 
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after  the  KrF2  addition  and  before  the  AsFj  addition.  The  Kr  and 
F;  evolution  at  ambient  temperature  was  faster  than  in  the  absence 
of  HF;  however  the  yield  of  C!F6AsF6  (based  on  KrFAsF*)  was  only 

3.33%. 

When  Kr2Fj+AsF6"  was  reacted  with  an  excess  of  CIFj  in  the 
absence  of  HF,  the  best  yield  of  ClFfl+AsFft*  obtained  was  18.36%, 
based  on  AsF5,  and  9.18%,  based  on  KrF2,  but  on  several  runs,  yields 
of  only  about  6%  were  obtained. 

Synthesis  of  GFftSbF*.  In  the  drybox  SbF5  (1,67  mmol)  was 
syringed  into  a  passivated  sapphire  reactor,  and  KrF2  (7,19  mmol) 
was  added  at  -196  °C  on  the  vacuum  line.  The  mixture  was  carefully 
warmed  to  room  temperature  and  then  recooled  to  -78  °C.  This 
temperature  cycling  was  repeated  several  times  and  a  small  amount 
of  Kr  and  F2  (0.42  mmol)  formed  by  decomposition  of  some  KrF2 
was  pumped  off  at  -78  °C.  Chlorine  pentafiuoride  (15.94  mmol) 
was  added  to  the  reactor  at  **196  °C,  and  the  resulting  mixture  was 
warmed  for  30  min  to  25  °C.  At  this  temperature  slow  gas  evolution 
was  observed.  The  reactor  was  cooled  to  -196  °C  and  then  to  -142 
°C  at  which  temperatures  F2  (!.l_Qimol)  and  Kr  (1.2  mmol)  were 
pumped  off  and  measured.  This  procedure  was  repeated  several  times 
10  avoid  overpressurization  of  the  reactor  by  the  evolved  F2  and  Kr. 
When  the  KrF2  decomposition  rate  became  very  slow,  the  temperature 
was  raised  to  35  °C.  After  most  of  the  KrF2  had  been  decomposed 
and  removed  in  this  manner,  the  excess  of  CIFS  was  pumped  off  at 
25  °C.  The  white  solid  residue  (896  mg)  was  shown  by  infrared, 
Raman,  and  ”F  NMR  spectroscopy  to  be  a  mixture  of  ClF6SbF6, 
CIF4SbFft,  and  KrF2-nSbFs.  Heating  of  the  solid  to  50  °C  for  4  h 
under  a  dynamic  vacuum  resulted  in  decomposition  and  removal  of 
all  (KrF2)„*SbF5,  leaving  behind  a  mixture  {'-0.6  g)  of  CIF6SbF4, 
CIF4SbF6,  and  the  corrcspond.ug  polyantimonates,  as  shown  by  in¬ 
frared  and  Raman  spectroscopy. 

Results  and  Discussion 

Synthesis  of  Coordinatively  Saturated  Complex  Fluoro 
Cations.  At  present,  only  three  coordinatively  saturated 
complex  fluoro  cations  are  known.  They  are  NF/,  C1F/,  and 
BrF/.21*22  The  principal  difficulty  with  their  syntheses  stems 
from  the  fact  that  the  corresponding  parent  molecules,  NFS, 
C1F7,  and  BrF7,  do  not  exist.1*5,21  Therefore,  a  simple  transfer 
of  a  fluoride  anion  to  a  strong  Lewis  acid  according  to 

C1F,  +  AsF;  —  ClF6+AsF6-  (3) 

is  not  possible.  Addition  of  a  fluorine  cation  F*  to  a  lower 
fluoride  according  to 

C!F5  +  F+  -  C!F/  (4) 

is  preempted  by  the  fact  that  fluorine  is  the  most  electro¬ 
negative  element,  and  F+  can  therefore  not  be  generated  by 
chemical  means. 

The  following  three  methods  are  presently  known  for  the 
synthesis  of  these  coordinatively  saturated  complex  fluoro 
cations. 

(I)  Reaction  of  a  Lower  Ftuoride  with  F2  and  a  Lewis  Acid 
In  the  Presence  of  an  Activation  Energy  Source,31  Such  as 
Heat,24  Glow-Discharge,31*25  Bremsstrahlung,26  or  UV  Photo¬ 
lysis.27  This  method  is  well  suited  for  the  synthesis  of  NF/ 
salts  according  to 

NF,  4-  Fj  +  MF,  —  NF/MF/  (5) 

However,  many  attempts  in  our  laboratory  to  apply  this  me- 

(21)  Cili!eiple,  R,  J,;  Schrobltgen,  O.  J.  J.  Chem.  Soc.,  Chem.  Commun. 
1974,  90;  Inorg.  Chem.  1974,  IS,  1230. 

(22)  Chrlste,  K,  O.;  Wilson,  R.  D.  Inorg.  Chem.  1975,  14, 694. 

(23)  Chrlste,  K.  O.;  Ouertin,  J.  P.;  Pivlsih,  A.  E,  US.  Patent  3503719, 
1970;  Inorg.  Nucl.  Chem.  Lett.  1966,  2, 83;  Inorg.  Chem.  1966.3, 1921. 

(24)  Totberg,  W.  E.;  Rewlck,  R.  T,;  Strlnghim,  R.  S,;  Hill,  M.  E,  Inorg. 
Nucl.  Chem.  Lett,  1966,  2,  79;  Inorg.  Chem.  1967,  6,  1  136. 

(25)  Slnel'nlkov,  S.  M.;  Rosolovskll,  VrVt.  Dokl.  Akad.  Nauk  SSSR,  Ser. 
Khlm.  1970, 194, 1341,  Roeolovskit,  V,  Y*.;  Nefedov,  V.  I.-.SIneTnikov, 
S.  M.  It v.  Akad.  Nauk  SSSR,  Ser,  Khlm  1973,  7,  1445, 

(26)  Goctschel,  C,  T.;  Campanile,  V.  A.*, Curtis,  R.  M.;  1-ooa,  K.  R.;  Winner, 
C.  D.;  Wilson,  3,  N.  Inorg.  Chem,  1973,  II,  1696. 

(27)  Christe.  K.  O.;  Wilson,  R.  D.;  Axworthy,  A,  E.  Inorg.  Chem.  1973, 12, 
2478.  Christe,  K.  O.;  Schack,  C.  J.;  Wilson,  R.  D.  Ibid.  1976,  IS,  1275. 
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Table  I.  X-ray  Out: 

:  for  ('IF,  Asl;„ a 

d( obsil),  A 

'/failed),  A 

///„ 

hkl 

3.35 

3.35 

100 

220 

2.855 

2.358 

25 

331 

2.740 

2.737 

60 

222 

2.179 

2.175 

15 

33! 

2.120 

2.120 

25 

420 

1.936 

1.935 

65 

422 

1.826 

1 .824 

10 

511/333 

1 .677 

1 .676 

45 

440 

1.601 

1.602 

15 

531 

1.580 

1.580 

70 

600/442 

1.498 

1.499 

20 

620 

1.428 

1.429 

25 

622 

1.367 

1.368 

10 

444 

1.313 

1.315 

25 

640 

1.265 

1.267 

25 

642 

a  Cu  Ki>  radiation  ami  Ni  filter;  space  group  Pal:  face-ccntcrcd 
cubic; a  -  9.47  A\Z  -  4;  V-  849.3  A*; d(calcd)  =  2.631  g  cm**. 


thod  to  C1F6+  were  unsuccessful  because  these  activation  en¬ 
ergy  sources  decompose  C1F5  to  F2  and  ClFj  with  the  latter 
reacting  instantaneously  with  strong  Lewis  acids  to  form  C1F2+ 
salts. 

(ti)  Reaction  of  PtF6  with  a  Lower  Fluoride.  As  shown  in 
(1)  and  (2),  this  method  has  successfully  been  applied  to  the 
synthesis  of  C1F6+  salts.3-5  However,  attempts  to  prepare  NF4+ 
salts  in  the  same  manner  have  failed.  For  the  preparation  of 
NF4PtFft,  elevated  temperature  and  pressure  arc  required,38 
i.e.  conditions  under  which  PtF*  decomposes  to  PtF5  and  F2, 
hereby  corresponding  to  reaction  5  of  method  i. 

(iii)  Reaction  o?  KrF2  with  a  Lower  Fluoride  in  the  Presence 
of  a  Strong  Lewis  Acid.  This  method  has  successfully  been 
used  for  the  synthesis  of  BrF*+21  and  NF4+ 29,30  salts 

NF,  +  KrF2  4-  MF5  -*  NF4+MF6“  +  Kr  (6) 

PrF,  +  KrF2  +  MF,  —  BrF6+MF6“  +  Kr  (7) 

The  most  promising  method  for  the  synthesis  of  pure  C!F6+ 
salts  appeared  to  be  method  iii,  the  reaction  of  C!F5  with  KrF2 
in  the  presence  of  a  Lewis  acid.  Indeed,  it  was  found  that 
KrF2-Lewts  acid  adducts  are  capable  of  oxidatively  fluori- 
nating  C1F5  to  C1F6+.  It  was  found  advantageous  to  preform 
the  well-known  adducts9,2’'31,52  between  KrF2  and  the  Lewis 
acids,  AsFj  and  SbFj,  before  addition  of  the  CIF5.  The  yields 
of  C!F6+  salts  were  as  high  as  !  1%,  based  on  the  amount  of 
KrF2  used  in  the  reaction.  The  reactions  proceeded  whether 
KrF+  or  KrF+-nKrF2  salts  were  used  as  starting  materials, 
although  the  C!F6+  yields,  based  on  KrF2,  appeared  higher 
when  KrF*  salts  were  used.  An  excess  of  ClFj  as  a  solvent 
gave  the  highest  yields  of  C1F6+  salts.  Addition  of  anhydrous 
HF  as  a  diluent  significantly  reduced  the  CIF6+  yield. 

The  C1F6+AsF6*  salt  could  readily  be  prepared  in  pure  form 
because  the  byproduct  ClF4‘fAsF6"  is  unstable  at  ambient 
temperature20  and  because  AsF6"  does  not  form  stable  po- 
Syanions  with  AsFj.  For  ClF6+SbF6",  the  stability  of  C1F4+- 
SbF6“ 20  and  the  tendency  of  SbF5  to  form  stable  polyanions 
did  not  permit  isolation  of  the  pure  compound. 

Properties  of  C3F6+AsF6~  and  ClF6+SbF6~.  Both  compounds 
arc  white,  crystalline,  hygroscopic  solids  that  are  stable  at  room 
temperature.  As  a  result  of  the  above  described  experimental 
difficulties,  only  CIF6+AsF6"  could  be  prepared  in  a  pure  state 
and  therefore  was  characterized  more  thoroughly  than 
CIFft+SbF6‘.  The  C1F6+AsF4“  salt  is  stable  up  to  110  °C. 


(28)  Tolbcrg,  W.  F..;  et  ol.,  private  communication, 

(29)  Artyukhov,  A,  A.;  Koroshcv,  S,  S.  Koord.  Khlm.  1977,  3,  1478, 

(30)  Christe.  K.  O.;  Wilson,  W,  W,;  Wilson,  R,  D.,  unpublished  results. 

(31)  Frlec,  B.;  Holloway,  3.  H  Inorg.  Chem.  1976, 15,  1263;  J.  Chem.  Soc., 
Chun t.  Comnwn.  1974,  H9, 

(32)  Sclig.  H.;  Peacock.  R.  D.  J.  Am.  Chem.  Soc.  1964,  86,  3895. 


Christe,  Wilson,  and  Curtis 


FREQUENCY,  cm-1 

Figure  1.  Infrared  and  Raman  spectra  of  solid  C1F4AsF6  and  as¬ 
signments  to  the  ions  in  point  group  Oh.  The  broken  line  is  due  to 
absorption  by  the  AgCl  window  material. 

Above  this  temperature  it  begins  to  slowly  decompose  ac¬ 
cording  to 

C1F6AsF6  —  CIF5  +  F2  +  AsFj  (8) 

The  infrared  spectra  of  the  gaseous  decomposition  products 
showed  ClFj  and  AsFs  in  a  1:1  mole  ratio. 

The  X-ray  powder  diffraction  data  of  C!F6AsF6  are  given 
in  Table  I.  The  lines  for  hkl  =110  and  200  could  not  be 
observed  by  our  technique  due  to  an  intense  broad  background 
peak  below  a  29  value  of  20°.  The  observed  data  show  that 
C1F6AsF6  is  isotypic  with  IF6AsF633,34  and  BrF6AsF6,14  al¬ 
though  surprisingly  the  unit  cell  dimension  of  CIF6AsF6  (9.47 
A)  is  only  slightly  smaller  than  that  of  IF6AsF4  (9.49  A)33,34 
and  larger  than  that  of  BrF^AsF*  (9.39  A).’4  A  more  detailed 
study  for  this  series  of  compounds  is  needed  to  verify  this  effect. 

The  19F  NMR  spectra  of  these  salts  were  recorded  in  an¬ 
hydrous  HF  solutions  at  29  °C.  In  addition  to  a  broad  un¬ 
resolved  resonance  due  to  rapidly  exchanging  HF  and  the 
anions,  a  sharp  signal  was  observed  at  383.3  ppm  downfield 
from  external  CFC13.  In  good  agreement  with  a  previous 
report,33  the  signal  consisted  of  two  sharp  (half-width  ~5  Hz) 
sets  of  quadruplets  of  equal  intensity  due  to  the  35CI  and  37C1 
isotopes  (7  =  3/2)  with  J»OF  =  340  Hz,  J»aF  =  283  Hz,  and 
*  1-201. 

The  vibrational  spectra  of  C1FS4 AsF6"  are  shown  in  Figure 
!,  together  with  a4isting  of  the  observed  frequencies  and 
assignments  for  the  two  ions  in  point  group  Oh.  The  only  band 
not  marked  in  Figure  1  is  the  weak  Raman  band  at  706  cm'1, 
which  can  be  assigned  to  2p6  (A,,  +  E,  +  F„  +  F*,)  of  CIF4+ 
being  in  Fermi  resonance  with  V)  (Aj,)  at  688  cm-1.  The  value 
of  353  cm"’  thus  obtained  for  the  infrared  and  Raman-inactive 

(Fiu)  mode  is  in  excellent  agreement  with  the  value  of  347, 
cm"1  reported  for  the  isoelectronic  SF4  molecule.34  The 
frequencies  for  C1FS+  in  its  SbF6"  salt  were  within  experimental 
error  identical  with  those  of  the  AsF<f  salt  and  therefore  are 
not  listed  separately.  These  vibrational  spectra  confirm  our 
previous  assignments5  for  CIFS+,  which  had  to  be  made  for 


(33)  Christe,  K.  O.i  Sawodny,  W.  Inorg.  Chtm.  1967,  6,  1783. 

(34)  Beaton,  S.  P,  Ph.D,  Thesis,  University  of  British  Columbia,  1966, 

(35)  Christe,  K.  O,;  Hon,  J,  F,;  Pilipovich,  D.  Inorg.  Chem.  1973,  12,  R4. 

(36)  McDowell,  R,  S.;  Aldridge,  J.  P.;  Holland,  R.  F.  J.  Phvx.  Chtm.  1976, 
l ?0,  1203, 
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Table  II.  Synnnt’liy  and  Valence  Force  ('on  si  ants  (mdyn/AI  of  ('IF',*  Compaiod  lo  Those  of  Bt  I ■',*,  11',*.  SI',.  Sol-',,  and  Trl:, 


assent 


A 

I 

I 


i* 

l 

iu 


1 

1 


m 

:u 


"ni,*  ni,*  si',  sf. 


II  1 

ail  1 

force  constant* 

(ah rV 

(Ain6 

J I  . 

til  f 

Brl  ,*d 

Sc»/ 

11V' 

Tel , 1 

S>  mniciry  Force  Conslanis 

688 

A„ 

fr  +  Af„  *  frr 

5.298 

6.70 

6.845 

4.88 

5.61 

5.61 

5  50 

631 

A„ 

fr  'frr  *  frr' 

4  456 

4  61 

4.715 

5.02 

4.85 

6.00 

5  08 

894 

A„ 

-  fr  frr ' 

5.200 

5.30 

5.465 

4.82 

4.93 

5.23 

4  98 

590 

-Jo  *  -/art  “  'J  oa 

fa*"'  W 

1 .034 

1.051 

0.63 

0646 

0.45 

0.40 

A„ 

2{Jrv>  /«,") 

0.935 

0.90 

0907 

0.41 

0.46 

0.21 

0.24 

517 

A„ 

Ja  -/.jo  *  Jan  " 

0.748 

0.765 

0.780 

0  46 

0  45  3 

0.32 

027 

347 

fa  Voo  *  -/o j 

faa"‘  0.574 

0.670 

0  693 

0.389 

022 

Valence  Force 

Constants 

Jr 

4.968 

5.30 

5.445 

4.90 

5.02 

5.42 

5.10 

frr 

(adjacent  bonds) 

0.140 

0  348 

0  355 

-0.03 

0  13 

0.07 

0  07 

frr 

(opposite  bonds) 

-  0.232 

01M13 

-0  020 

0.08 

0  09 

0.19 

0  12 

Jo 

Ja o'  (‘/o' 

0.782 

0.809 

0  826 

(1.49 

0.30 

u 

J  aa' 

0.816 

0.852 

0.872 

0.52 

0  31 

fro 

-fro" 

0  468 

0.45 

0.454 

0.21 

0.23 

0  II 

0.12 

“  t'sinp  observed  frequencies  and  a  ,,('l-,,Ol  isolopie  shifl  of  13.1  cm  1  for  ••,.  PI  D  foi  1  ,u  r,.  1.21  |3>.  0.24  (4).  0 .46  |3.  4);r,.  0.98 
(.4).  0  02  (3.  4).  6  Using  observed  frequencies.1'  c  Using  harniome  frequencies.1*  d  Modified  valence  force  field  values  tiom  lei  18.  as¬ 
suming  A',,  minimum.  f  Data  tiom  icf  37.  ^  Dala  fioni  lef  38. 
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Figure  2.  Infrared  spectrum  of  the  »-,  (F|»)  band  of  C'IF6*  in  solid 
ClFfcSbF„  recorded  with  20-fold  scale  expansion  under  higher  resolution 

conditions. 

rather  complex  mixtures  and  therefore  were  somewhat  ten¬ 
tative.  Furthermore,  the  fact  that  both  CIF64  and  AsF,,  show 
no  detectable  deviations  from  the  Oh  selection  rules  suggests 
little  or  no  ion  interaction  or  distortion  in  CIF64AsF6 ,  as 
expected  for  these  coordinatively  saturated  ions.  The  structure 
of  CIF6AsF6  can  be  visualized  as  a  closest  fluoride  packing 
with  Cl  and  As  occupying  some  of  the  interstices  in  the  lattice. 

Under  higher  resolution  conditions,  the  infrared  spectra  of 
C1F0AsF6  and  CIF6SbF6  showed  a  splitting  of  the  (Fju)  band 
into  two  components  (see  Figure  2).  These  splittings  are  due 
to  the  ”CI  and  37C1  isotopes,  which  have  a  natural  abundance 
of  75.4  and  24.6%,  respectively.  From  a  series  of  measure¬ 
ments  the  chlorine  isotopic  shifts  for  K3  (F,u)  of  CIF6*  were 
found  to  be  1 2.8  +  0.3  cm'1  for  C1F,  AsFt  and  1 3.4  ±  0.3  err"1 
for  CTF„SbF6.  On  the  basis  on  these  data,  a  value  of  1 3.1  ± 
0.3  cm  1  was  used  for  the  force  Held  computation  of  CIF6*. 

General  Valence  Force  Field  of  C1F6+.  Modified  valence 
force  fields  (MVFF)  have  previously  been  reported  for  1F6VJ 
BrF6V6  and  CIF6+516  by  using  for  the  underdetermined  Flu 
block  (two  frequencies;  three  symmetry  force  constants)  the 
mathematical  conslraint  -  minimum.  A  test  of  this 
constraint  for  the  isoelectronic  series  TeF6,  ScF6,  and  SF6  for 
which  fully  determined  general  valence  force  fields  (GVFF) 
are  known3^38  showed  that  Fu  =  minimum  is  a  good  ap¬ 
proximation  for  TeF6  and  SeF6.16  However,  for  the  lighter 
SF6,  which  is  isoelectronic  with  C1F6+,  this  approximation  did 
not  duplicate  the  GVFF  values36  very  well.  Therefore,  for 
CIF6+  a  second  force  field  based  on  a  transfer  of  the  frr>  vnhie 
of  the  GVFF  of  SF6  to  CIF**  was  preferred.5  In  the  resulting 
force  field,  however,  the  value  of  the  Cl-F  stretching  force 
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Figure  3.  Solution  range  of  the  F)u  block  symmetry  force  constants 
(mdyn/A)  of  CIF4*  with  the  observed  chlorine  isoiopic  shift  (1 3.1 
±  0.3  cm'1)  as  a  constraint.  The  horizontal  and  the  broken  vertical 
lines  indicate  the  preferred  values  and  their  uncertainties,  respectively. 


constant  (4.68  mdyn/A)5  was  smaller  than  that  found  for 
C1F2+  (4.7  mdyn/A);3’  a  surprising  result  in  view  of  the 
general  trends  observed  for  a  large  number  of  halogen 
fluorides.40 

The  observation  of  the  chlorine  isotopic  shift  for  vj  (F,u) 
of  CIF6*  in  this  study  provided  the  additional  data  point  re¬ 
quired  for  the  computation  of  a  GVFF  for  CIF6+.  The  force 
field  was  computed  by  a  previously  described  method41  using 
the  35CIF6*  frequencies  given  in  Table  II  and  a  }5CI-37CI 
isotopic  shift  of  13.1  ±  0.3  cm'1  for  (F,u).  In  the  absence 
of  anharmonicity  constants,  the  observed  frequencies  were  used 
for  the  calculation  of  an  anharmonic  GVFF.  On  the  basis  of 
comparison  between  the  anharmonic  and  the  harmonic  GVFF 
of  isoelectronic  SF6  (see  Table  II),36  the  anharmonicity  cor- 


(39)  Chrisle,  K.  O.;  Schack,  C.  J.  Inorg.  Chtm.  1970.  9.  2296.  Gillespie, 
R.  J.;  Morion.  M.  J.  Ibid.  1970.  9.  81 1. 

(40)  Chrisle,  K.  O.;  Proc.  Int.  Congr.  Pure  Appl.  Chem.  1974.  4,  115. 
Chrisle,  K.  O.;  Schack.  C.  J.  Ado.  inorg.  Chem.  Radiochem.  1976,  18, 
319. 

(41)  Chrisle.  K.  O;  Curtis,  E.  C.  inorg.  Chem.  1982.  21,  2938  and  references 
ciled  l herein. 

(42)  The  compound  claimed  lo  be  C!F4*CuF,~  has  in  the  meantime  been 
idenlified  as  |Cu(HjO)«l[SiF&l  (von  Schnering,  H.  G.;  Vu.  D  Angew. 
Chem.,  int.  Ed  Engl.  1983.  22,  408). 


(37)  Koniger.  F.:  Muller.  A.;  Selig.  H  Mol  Phys.  1977,  34.  1629. 

(38)  Abramowilr.  S,;  l  evin.  I.  W.  J.  Chem.  Phys.  1966.  44.  3353. 
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reel  ions  should  have  only  a  minor  influence  on  the  force  field 

To  obtain  an  estimate  for  the  uncertainties  of  the  F|„  force 
constants  of  Cl  F/,  the  relevant  parts  of  the  Fiy  and  Fu  ellipses 
of  CIF/  and  the  corresponding  3'CI-37C1  isotopic  shifts  of  vj 
and  t>4  were  computed  as  a  function  of  F)4.  As  can  be  seen 
from  Figure  3,  the  resulting  uncertainties  in  the  force  constants 
arc  very  small  and  the  force  field  of  CIF/  is  rather  well 
determined. 

A  comparison  of  the  GVFF  of  CIF/  (see  Figure  3  and 
Table  11)  with  the  two  previously  published  modified  valence 
force  fields516  shows  that  Fu  =  minimum  is  a  much  better 
constraint  than  the  transfer  of  the  value  from  SF6  to  CIF/. 
Also,  the  resulting  Cl-F  stretching  force  constant  value  of  4.97 
mdyn/'A  for  CIF/  is.  as  expected  for  a  perfluoro  cation  in  its 
highest  oxidation  state.40  the  highest  value  found  to  date  for 
a  Cl-F  bond  and  agrees  with  the  good  thermal  stability  found 
for  these  CIF/  salts.  A  comparison  of  the  CIF/  force  field 
with  those  of  BrF/  16  and  IF/ 15  (sec  Table  II)  shows  the 
expected  trends.40  The  stretching  force  constant  drops  slightly 
from  CIF/  to  BrF/  and  then  markedly  increases  for  IF/. 
The  deformation  constants  decrease  from  CIF/  toward  IF/, 
as  expected  from  the  increase  in  bond  lengths.  The  stretch- 
stretch  interaction  constants  f„  and  show  smooth  trends 
from  CIF/  toward  IF/,  similar  to  those  observed  for  the 
isoelcctronic  SF6,  ScF6,  TeF6  scries,  although  the  relative 
contributions  from /„and //  are  different  within  each  scries. 


A  comparison  of  the  GVFF  of  OF/  with  that  of  SF*  (sec 
Table  II)16  also  shows  excellent  agreement,  except  for  the 
above  noted  difference  in  the  relative  contribution  from  /„  and 

u- 

Conclusion.  The  KrF*  cation  is  capable  oi  oxidizing  C1F} 
to  CIF/  and  provides  a  method  for  the  synthesis  of  pure  CIF/ 
salts.  Thus.  KrF*  is  the  first  oxidative  (luorinator  capable  of 
producing  all  three  of  the  presently  known  coordinativcly 
saturated  complex  fiuoro  cations.  NF/.  BrF/.  and  CIF/. 
The  synthesis  of  pure  CIF6A$F6  permitted  a  better  charac¬ 
terization  of  the  CIF/  cation  and  the  determination  of  a 
general  valence  force  field  for  CIF/.  The  Cl-F  bond  in  CIF/ 
(4.97  mdyn/A)  is  the  strongest  Cl-F  bond  presently  known, 
suggesting  highly  covalent  bonds  with  sp3dJ  hybridization  of 
the  valence  electrons  of  chlorine.  By  analogy  with  the  known 
NF/  chemistry,  the  existence  of  numerous  stable  CIF/  salts 
is  predicted. 
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Synthesis  and  Properties  of  CIF*BF4 

Karl  O.  Christe*  and  William  W.  Wilson 
Rtcnvfd  January  II.  1933 

The  only  CIF8*  salts  presently  known  are  CIFjPtF*.1  3 
CIF^SbF*.  and  CIF„AsF*.4  To  improve  t!ic  energy  content 
of  CIF„+  salts,  replacement  of  these  relatively  heavy  nonen- 
ergctic  MF„  (M  =  Pt.  Sb.  As)  anions  by  a  lighter  one  such 
as  BF4  is  desirable.  Attempts  in  our  laboratory  failed  to 
synthesize  CIF6BF4  by  direct  methods  such  a.s  those  used  for 
the  preparation  of  ClFtM  F6  salts.4  Consequently,  indirect 
methods  were  sought  to  exchange  the  anion  tn  CIF„*MFfc  for 
BF4  .  Using  low- temperature  mctathctical  techniques,  pre¬ 
viously  developed  for  NF/  salts.5  we  have  successfully  con¬ 
verted  CIF6AsF6  to  CIF6BF4. 

Experimental  Section 

MateriaU  a  ad  Apparatus.  CIF6AsF84  and  CsBF4*  were  prepared 
by  known  methods.  The  HF  (Mathcson  Co.)  was  dried  by  storage 
over  BiF,.5  Volatile  materials  were  handled  in  a  Teflon- FEP  stainless 
steel  vacuum  line  that  was  well  passivated  with  CIFj  and  treated  with 
HF  prior  to  use.  Nonvolatile  materials  were  handled  in  the  dry- 
nitrogen  atmosphere  of  a  glovcbox.  The  metathesis  was  carried  out 
in  a  previously  described  doublc-U-lube  filter  apparatus.1  The  thermal 
decomposition  of  ClF8BF4  was  studied  in  a  previously  described 
sapphire  apparatus.' 

Infrared  spectra  were  recorded  on  a  Perkin- Elmer  Model  283 
spectrometer  that  was  calibrated  by  comparison  with  standard  gas 
calibration  points.410  Gas  spectra  were  recorded  with  a  Teflon  cell 
of  5-cm  path  length  equipped  with  AgCI  windows.  Spectra  of  solids 
were  recorded  as  dry  powders  pressed  between  AgCI  windows  in  an 
Econo  press  ( Bamcs  Engineering  Co.).  Raman  spectra  were  recorded 
on  a  Cary  Model  83  spectrophotometer  with  use  of  the  4880- A  exciting 
line  of  an  Ar-ion  laser  and  a  Claasscn  filter11  for  the  elimination  of 
plasma  lines.  Sealed  glass  or  quartz  tubes  were  used  as  sample 
containers. 

Syatbesis  of  C1F6BF4.  A  mixture  of  CIF^AsF*  (0  5175  mmol)  and 
CsBF4  (0  5171  mmol)  was  loaded  into  the  doublc-U-tubc  metathesis 
apparatus  in  the  u-ybox.  Dry  HF  (42  mmol)  was  condensed  at  -196 
°C  tn'iu  tut  apparatus  on  uiC  vacuum  line,  and  the  n'uxtutv  was  WmiiiCw 
for  30  min  to  25  °C  with  stirring.  The  apparatus  was  cooled  to  -78 
°C  and  inverted,  and  the  solid  and  liquid  phases  were  separated  by 
filtration  assisted  by  2  atm  of  dry  N2  gas.  The  material  volatile  at 
25  °C  was  pumped  off  for  1.5  h  and  separated  by  iractiona!  con- 


11)  Chrisie.  K.  O.  Inorg.  .\'ucl.  Chem.  Lett  1972.  8.  741. 

(2)  Robcrio.  F.  Q.  Inorg.  1 Vue/ .  Chem  Lett.  1972,  8.  737. 

(3)  Chrisie.  K  O.  Inorg.  Chem.  1973.  12,  1580. 

(4)  Chrisie.  K.  O.;  Wilson.  W.  W  ;  Curtis.  E.  C.  Inorg.  Chem..  in  press. 

(5)  Chrisie.  K.  O ;  Wilson.  W.  W.;  Schack.  C.  J.  J.  Fluorir. r*  Chem.  197G. 
//.  71  and  references  cited  therein. 

(6)  Cantor.  S.;  McDermott.  D.  P.;  Oilpalrick.  L.  O.  J.  Chen,.  Phys.  1970. 
52.  4600. 

(7)  Christe.  K.  O.;  Wilson.  W.  W.;  Schack.  C.  J ;  Wilson.  R.  D.  Inorg. 
Synth.,  in  press. 

(8)  Christe.  K.  O  ;  Wilson.  R.  D.;  Goldberg,  t.  8.  Inorg.  Chem  1979.  18, 
2572. 

(9)  Plylcr.  E.  K.;  Danli.  A.;  Blaine.  L.  R.;  Tidwell.  E.  D.  J.  kes.  Natl  Bur. 
Stand..  Sect.  A  I960.  64A.  841 

(10)  International  Union  of  Pure  and  Applied  Chemistry.  “Tables  of 
Wavenumbers  for  the  Calibration  of  Infrared  Spectrometers’;  Butter- 
worths:  Washington.  DC.  1961. 

(11)  Claassen.  H.  H.;  Selig.  H.;  Shamir.  J.  Appl.  Spectrosc  1969.  23,  8 
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Figure  l.  Infrared  and  Raman  spectra  of  solid  CIF8BF4  recorded  at 
ambient  temperature.  The  broken  line  in  the  infrared  spectrum  is 
due  to  absorption  by  the  AgCI  window  material.  The  assignments 
for  C1F8+  and  BF4  arc  for  point  groups  Ot  and  T4.  respectively. 

densation  through  a  series  of  traps  kept  at  -1 12.  - 1 42.  and  -196  °C. 
It  consisted  of  BF,  ( — 0.08  mmol).  CIF<  (~0  08  mmol),  and  the  bulk 
of  the  HF  solvent  The  filter  cake  (199.6  mg.  weight  calculated  for 
0.517  mmol  of  C»AsF4  166.5  mg)  was  shown  b>  vibrational  spec¬ 
troscopy  to  consist  of  mainly  CsAsF*  containing  small  amounts  of 
C1FV  and  BF4  .  The  filtrate  residue  (67.4  mg,  weight  calculated  for 
0.517  mmol  of  CIF63F4 122.1  mg.  corresponding  toa  55%  yield)  was 
shown  by  vibrational  spectroscopy  to  consist  mainly  of  C1F8BF4 
containing  a  small  amount  of  AsF6  salts  as  impurities.  The  losses 
of  C1F*BF4  can  be  attributed  to  hang  up  of  C1F8BF4  on  the  filter  cake 
(27%)  and  some  reduction  of  CIF6BF4  (16%). 

Results  and  Discussion 

Synthesis  and  Properties  of  CIF6BF4.  The  successful  syn¬ 
thesis  of  CIF6BF'4  according  io 

ClF,AsF.  +  CsRF.  - — F  — - CsAsF.j  4-  HF  RF 
-78  'C  c‘*"  " 

demonstrates  that  the  mctathctical  process  previously  devel¬ 
oped  for  the  indirect  synthesis  of  NF4+  salts5  is  transferable 
to  CIF6+  salts.  The  yield  of  only  55%  for  C1F6BF4  can  be 
attributed  to  the  following  factors,  (i)  hang- up  of  some  mother 
liquor  on  *he  filter  cake;  (ii)  possibly,  the  use  of  an  insufficient 
amount  of  solvent  causing  precipitation  of  some  CIF6BF4;  (iii) 
reduction  of  some  C1fo2F4  to  CIF$  and  BF3  by  attack  of  metal 
parts  of  the  apparatus  by  this  strongly  oxidizing  HI  solution. 
No  attempts  have  been  made  as  yet  to  maximize  the  yield  by 
varying  or  eliminating  any  of  these  conditions. 

CIF6BF4  is  a  white  crystalline  solid  that  is  highly  soluble 
in  anhydrous  HF.  It  is  stable  at  room  temperature  and  starts 
to  slowly  decompose  under  a  dynamic  vacuum  at  about  70  °C 
according  to 

CIF6BF4  —  CIF,  +  Fj  +  BFj 

The  nature  of  the  decomposition  products  was  established  by 
their  infrared  spectra,  which  showed  only  the  absorptions 
y  characteristic  for  BF3  and  CIFS.  An  exhaustive  vacuum  py- 
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rolysis  of  CIFbBF4  was  carried  out  at  1  !0  °C  and  resulted  in 
only  a  small  amount  of  a  solid  residue,  which  was  identified 
by  Raman  spectroscopy  as  CsAsFb, 

The  presence  of  octahedral  C1F/  and  tetrahedral  BF«'  ions 
in  CIFjBF,  was  established  by  infrared  and  Raman  spec¬ 
troscopy.  The  spectra  together  with  the  observed  frequencies 
and  assignments  for  CIF/  and  BF«  in  point  groups  O A  and 
7/  respectively,  arc  shown  in  Figure  1  The  spectra  confirm 
our  previous  assignments  for  OFbAsFb,  where  »-|  of  OF/  and 
»>!  of  AsFb  had  almost  identical  frequencies  and  had  to  be 
assigned  on  the  basis  of  their  relative  intensities.1  The  fre¬ 
quencies  and  assignments  for  BF4  in  CIFbBF4  closely  corre¬ 
spond  to  those  in  NF4BF4.i: 

Conclusion.  The  successful  synthesis  of  CIFbBF4  and  its 
relatively  good  thermal  stability  confirm  th*'  previous  prediction 
of  unusual  stability  for  salts  containing  coordina lively  saturated 
cations.4  1  lowcvcr,  as  expected,  the  thermal  stability  of  C1F/ 
salts  is  inferior  to  that  of  N  F/  salts.* 

Acknowledgment.  The  authors  arc  grateful  to  C  J.  Schack, 
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SUMMARY 

A  new  synthesis  of  FOCIO^  was  discovered  involving  the 

fluorination  of  C104  with  C1F&  .  An  unexpected  oxygen 

abstraction  from  C1F.0  was  observed  when  CsClF.O  was  reacted 

4  4 

with  F0S02F. 

INTRODUCTION 

We  would  like  to  report  two  interesting  reactions  observed 
during  our  studies  in  the  area  of  chlorine  oxyf luorides .  The 
first  reaction  involved  the  low- temper at ure  metathesis  of 
ClF^AsF^  with  CsClO^  in  anhydrous  HF  solution.  In  view  of  the 
known  NF4  +  reaction  [1} 

H  F 

NF.SbF.  +  CsC10„  — TTTTr*'  CsSbF.  +  NF.C10. 

46  4  -45  C  6  44 

NF  CIO.  - 2- NF,  +  F0C10_ 

4  4  3  3 

it  was  interesting  to  study  whether  ClF^*  is  also  capable  of 


Ol 


to  F0C10 


oxidizing  C104 
was  found  to  be  lower 
permit  the  isolation 
low  as  -45*C.  Howeve 
FOClO^  and  ClF^,  were 


The  thermal  stability  of  C1F,C10. 

6  4 

than  that  of  NF^ClO^ll]  and  did  not 
of  solid  ClF^ClO^  even  at  temperatures  as 
r,  the  corresponding  decomposition  products 
observed  in  good  yield. 


Cl  F, As  F, 
6  6 


CsClO, 

4 


HF 

-  4  5  °  C 


Cs AsF.  +  [C1F,C10,  ) 
6  .  6  4 


[  Cl  F  CIO,  )  - fc~ClFc  +  FOClO-j 

6  4  D  J 


Although  this  presents  an  alternative  synthetic  path  to  FOCIO^, 
the  NF^  reaction  is  preferred  from  a  synthetic  point  of  view 
since  the  NF^SbF^  starting  material  is  more  readily  accessible 
12). 


The  second  reaction  involved  CsClF.O  and  FOSO*F.  Fluorine 

4  2 

f luorosulf ate  is  known  to  be  a  useful  reagent  for  the  synthesis 
of  hypof luori tes  (3),  such  as 

CsTeF^O  +  F0SO2F  - *-  CsSO 3F  +  TeF^OF 

For  CsClF^O,  however,  the  major  reaction  was  not  the  formation 
of  either  the  unknown  C1F40F  or  its  expected  decomposition 
products,  but  oxygen  abstraction  accompanied  by  S02F2  elimi- 
ation  according  to  the  following  reaction. 

LSLir.  U  4  FU5U-F  - ►  LsCiF.  +  SO_i_  + 

4  2  4  2  2  2 

This  unexpected  reaction  path  might  be  rationalized  in  terms  of 
an  addition  of  FOSC>2F  to  the  C1=0  bond  in  one  of  the  favored 
resonance  structures  of  C1F40  [4],  followed  by  an  intramolecular 


C-2 


nucleophilic  substitution  (S^1)  reaction  accompanied  by  C>2 
and  SO^F^  elimination: 


To  our  knowledge,  this  is  the  fir..  example  of  a  reaction  in 
which  FOSO^F  acts  as  a  deoxygenat ina  agent. 

EXPERIMENTAL 

Apparatus .  Volatile  materials  were  handled  in  a  stainless 
steel-Teflon  FEP  vacuum  line  [5].  The  line  and  other  hardware 
used  were  well  passivated  with  ClF^  and,  if  HF  was  to  be  used, 
with  HF.  Nonvolatile  materials  were  handled  in  the  dry  nitrogen 
atmosphere  of  a  glove box.  Metathetical  reactions  were  carried 
out  in  HF  solution  using  a  previously  described  apparatus  [6]. 

Infrared  spectra  were  recorded  on  a  Perkin  Elmer  Model  283 

spectrophotometer.  Spectra  of  solids  were  obtained  using  dry 

powders  pressed  between  AgCl  windows.  Spectra  of  gases  were 

obtained  by  using  a  Teflon  cell  of  5  cm  path  length  equipped 

with  AgCl  windows.  Raman  spectra  were  recorded  on  a  Cary 

o 

Model  83  spectrophotometer  using  the  4880-A  exciting  line  of 
an  Ar-ion  laser. 

Materials .  Literature  methods  were  used  for  the  syntheses 
of  ClF^AsF^[7],  CsClF^0[8]  and  FOSC^F^]  and  for  the  drying  of 
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the  HF  solvent  (10).  The  CsC104  (ROC/RIC)  was  used  as  received. 

Reaction  of  ClF^AsF^  with  CsClO^.  In  the  drybox  ClF^AsF^ 
(0.318  mmol)  and  CsClO^  (0.304  mmol)  were  placed  into  the 
bottom  U-tube  of  the  metathesis  apparatus  (6).  Or  the  vacuum 
line,  dry  HF  (1.1  ml  of  liquid)  was  added  at  -78°C.  The  resulting 
mixture  was  agitated  at  -45°C  for  1.5  hr  and  then  filtered  at 
-78°C  through  a  porous  Teflon  filter  while  the  filtrate  was 
collected  at  -45°C.  All  material  volatile  at  -45°  was  pumped 
off  for  2.5  hr  and  separated  by  fractional  condensation  through 
a  series  of  traps  kept  at  -126,  -142  and  -196°C.  The  -126° 
trap  contained  the  HF  solvent  and  a  small  amount  of  FCIC^,  the 
-142°  trap  contained  a  mixture  of  FOCIO^  and  ClF^  (0.445  mmol), 
and  the  -196°  trap  contained  FC103  (0.128  mmol).  Essentially 
no  filtrate  residue  was  left  behind.  The  white  solid  filter 
cake  (106  mg,  weight  calcd  for  0.304  mmol  of  CsAsF6  98  mg)  was 
identified  by  infrared  and  Raman  spectroscopy  as  CsAsF^.  The 
FCIO^  formed  in  the  above  reaction  is  attributed  to  decompo¬ 
se  v  ion  of  a  small  amount  of  FOCIO^.  For  a  larger  scale  reaction, 
the  percentage  of  FC103  in  the  product  is  expected  to  decrease 
significantly. 

Caution!  Fluorine  perchlorate  is  highly  shock  sensitive 
(11)  and  proper  safety  precautions  must  be  taken  when  working 
with  this  material. 

Reaction  of  CsCIF.O  with  FOSO-F.  In  the  dry  box  CsCIF.O 
(2.24  mmol)  was  placed  into  a  10  ml  stainless  steel  cylinder. 

On  the  vacuum  line  FOSO^F  (4.97  mmol)  was  added  to  the  cylinder 
at  -196',C.  The  cylinder  was  kept  at  0#C  for  3  days,  then  cooled 


C-4 


to  -196°C.  Oxygen  (2.23  mmol)  was  pumped  off  at  -]96°C,  and 

all  material  volatile  at  ambient  temperature  was  separated  by 

fractional  condensation  through  traps  kept  at  -112,  -142,  and 

-196°C.  The  -112°  trap  contained  small  amounts  of  C1F_0,  FCIO- 

i  3  2 

and  CIF^.  The  -142°  trap  contained  F0S02F  (2.6  mmol)  and  S02F2 
(1.7  mmol),  and  the  -196°  trap  showed  S02F2  (0.52  mmol).  The 
white  solid  residue  showed  a  weight  loss  of  39  mg  (calcd  weight 
loss  for  1.12  mmol  of  02  36  mg)  and  was  identified  by  infrared 
and  Raman  spectroscopy  as  CsCJF^  [12]  containing  a  small  amount 
of  CsS03F. 
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Rocketdyne,  a  Division  of  Rockwell  International  Corporation, 
Canoga  Park,  California  9 1 30 4  (U.S.A.) 


SUMMARY 


The  new  salts 
solutions  and  t'aF^ 


NF^Be^F^  and  NF^A.IF^  were  prepared  from  concentrated  NF^HF^ 
and  A 1 F^  respectively. 


NTRODUCT I  ON 


Salts  containing  the  NF^  cation  are  of  significant  practical  interest 
for  high  detonation  pressure  explosives  [l]  or  solid-propellant  NF^-F2  9as 
generators  for  chemical  lasers  [2].  For  these  applications,  it  is  desirable 
to  maximize  the  usable  fluorine  content,  expressed  as  weight  percent  of 
fluorine  available  as  or  NF^  upon  thermal  uecoinpO»I  lion  of  the  salt. 
Optimization  of  the  usable  fluorine  content  is  best  achieved  by  the  selection 
of  an  anion  which  is  as  light  as  possible,  is  multiply  charged  and,  if 
possible,  is  itself  an  oxidizer  capable  of  fluorine  evolution.  Of  the 
presently  known  NF^  salts,  (NF^NiF^  (64.6%),  (NF^MnF^  (59-9%). 

(NF^) 2S i  F6  (59.0%),  (NFi|)2TiF6  (55-6%)  and  NF^BF^  (53-7%)  have  the  highest 
usable  fluorine  contents.  Theoretically,  a  further  increase  in  the  usable 

fluorine  content  of  NF  +  salts  should  be  possible  by  the  use  of  the  very 

14  2-3  -  + 

light  and  multiply  charged  anions,  BeF^  and  A 1 F^  .  Their  NF^  salts 

would  have  a  usable  fluorine  content  of  71.7  and  69-3  percent,  respectively. 

In  this  paper,  we  report  on  the  syntheses  of  NF^+  salts  containing  anions 

derived  from  BeF,,  and  AIF^. 
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Preparation  of  NF^Be^F,-  Ory  CsF  (30.3*4  mmol)  and  NF^SbF^  (30. *47  mmol) 
were  loaded  in  the  drybox  into  one  half  of  a  prepassivated  Teflon  double-U 
metathesis  apparatus.  Dry  HF  (20  ml)  was  added  on  the  vacuum  line  and  the 
mixture  was  stirred  with  a  Teflon  coated  magnetic  stirring  bar  for  15  minutes 
at  25°C.  After  cooling  the  apparatus  to  -78°C,  it  was  inverted,  and  the 
NF4HF2  solution  was  filtered  into  the  other  half  of  the  apparatus  which  con¬ 
tained  12.1*4  mmol  of  BeF2>  The  mixture  was  stirred  for  65  hours  at  25°C, 
followed  by  removal  of  most  of  the  HF  until  the  onset  of  NF^HF^  decomposition 
became  noticeable.  The  concentrated  mixture  was  stirred  at  25°C  for  1*4  hours 
and  a  clear,  colorless  solution  resulted.  All  volatile  materials  were  pumped 
off  at  55°C  for  15  hours,  leaving  behind  a  white  solid  (l.*4*48g,  97%  yield 
based  on  BeF^)  which,  based  on  its  elemental  analysis,  had  the  following 

composition  (weigh*.  %) :  NF.  BeF  •  1 . 06BeF  8*4.06;  NF.  SbF. ,  11.23;  CsSbF,  *4.71. 

A  3  L  h  b  6 

Anal.  Calcd:  NF^  31. *45;  Be,  7  $8;  Cs,  1.70;  Sb,  5-75.  Found:  NF^  31. *43; 

Be,  7.58;  Cs,  1.69;  Sb,  5-7*4. 

Preparation  of  NF^AIF^  Freshly  prepared  AlF^  (0.*469g»  5-58  mmol)  was  combined 
with  NF^HF2  (generated  as  described  above  from  33-8  mmol  of  NF^SbF^)  in  35 
ml  of  HF.  The  mixture  was  stirred  at  25°C  for  1  hour,  then  most  of  the  HF 
solvent  was  pumped  off  until  incipient  decomposition  of  NF^HF2  became  notice¬ 
able.  After  stirring  for  2  hours  at  25°C,  this  concentrated  mixture  turned 
into  a  clear  solution.  The  remaining  HF  solvent  and  the  excess  of  NF^HF2  were 
removed  at  55°C  for  *40  hours  in  a  dynamic  vacuum.  The  weight  (l.257g)  of  the 
solid  white  residue  agreed  with  that  expected  for  5-58  mmol  of  NF^AIF^ 

(l.077g)  containing,  as  in  the  case  of  the  analagous  NF^Be^  preparation, 
about  17  weight  %  of  NF^SbF^  and  CsSbF^.  The  presence  of  these  ions  was 
confirmed  by  vibrational  spectroscopy  which  also  demonstrated  the  absence  of 
any  unreacted  NF^HF^. 

RESULTS  AN0  01 SCUSS ION 

The  syntheses  of  (MF^^BeF^  and  ( N ) ^A 1 F^  by  direct  methods  involving  NF^, 

F2  and  the  corresponding  Lewis  acid  in  the  presence  of  an  activation  energy 
source  [9]  is  not  possible  because  BeF2  and  A 1 F^  are  nonvolatile  polymeric 
solids.  Simple  metatheses 

M3AIF6  +  3NF^SbF6  — oW5-nt->  3MSbF6,;+  (NF^AlFg 

were  also  investigated  where  M  was  either  Cs  or  Na  and  the  solvents  were 
either  BrF^  at  25°C,  HF  at  -?8°C  or  molten  NF^SbF^  at  2?5°C  under  1000  psi 
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Preparation  of  NF,Be„F,_  Dry  CsF  (30.3*4  nmol)  and  NF,SbF,  (  30. *47  mmol) 

-  ■  ■ J  * c — 5  4  b 

were  loaded  in  the  drybox  into  one  half  of  a  prepassivated  Teflon  double-U 
metathesis  apparatus.  Ory  HF  (20  ml)  was  added  on  the  vacuum  line  and  the 
mixture  was  stirred  with  a  Teflon  coated  magnetic  stirring  bar  for  15  minutes 
at  25°C.  After  cooling  the  apparatus  to  ~78°C,  it  was  inverted,  and  the 
NF1<HF2  solution  was  filtered  into  the  other  half  of  the  apparatus  which  con¬ 
tained  12.1*4  mmol  of  BeF^  The  mixture  was  stirred  for  65  hours  at  25°C, 
followed  by  removal  of  most  of  the  HF  until  the  onset  of  NF^HF2  decomposition 
became  noticeable.  The  concentrated  mixture  was  stirred  at  25  C  for  1*4  hours 
and  a  clear,  colorless  solution  resulted.  All  volatile  materials  were  pumped 
off  at  55°C  for  15  hours,  leaving  behind  a  white  solid  (l.*4*48g,  97%  yield 
based  on  BeF,,)  which,  based  on  its  elemental  analysis,  had  the  following 
composition  (weigh*.  :  NF^BeF^-  1 . 06BeF2 ,  8*4.06;  NF^SbF^,  11.23;  CsSbF^  *4.71. 
Anal.  Calcd:  NF^  31. *45;  Be,  7-58;  Cs,  1.70;  Sb,  5  75-  Found:  NF^  31. *43; 

Be,  7.58;  Cs,  1.69;  Sb,  5-7*4. 

Preparation  of  NF^AIF^  Freshly  prepared  AIF^  (0.*469g,  5-58  mmol)  was  combined 
with  NF^HF^  (generated  as  described  above  from  33-8  mmol  of  NF^SbF^)  in  35 
ml  of  HF.  The  mixture  was  stirred  at  25°C  for  1  hour,  then  most  of  the  HF 
solvent  was  pumped  off  until  incipient  decomposition  of  NF^HF^  became  notice¬ 
able.  After  stirring  for  2  hours  at  25°C,  this  concentrated  mixture  turned 
into  a  clear  solution.  The  remaining  HF  solvent  and  the  excess  of  NF^HF2  were 
removed  at  55°C  for  *40  hours  in  a  dynamic  vacuum.  The  weight  (1.257g)  of  the 
solid  white  residue  agreed  with  that  expected  for  5.58  mmol  of  NF^AIF^ 

(l.077g)  containing,  as  in  the  case  of  the  analagous  NF^Be^  preparation, 
about  17  weight  %  of  NF^SbF^  and  CsSbF^.  The  presence  of  these  ions  was 
confirmed  by  vibrational  spectroscopy  which  also  demonstrated  the  absence  of 
any  unreacted  NF^HF^ 

RESULTS  AND  0 1 SCUSS I  ON 

The  syntheses  of  (NF^)2BeF^  and  (NF^)^AIF^  by  direct  methods  involving  NF^, 

F2  and  the  corresponding  Lewis  acid  in  the  presence  of  an  activation  energy 
source  (9]  is  not  possible  because  BeF2  and  A 1 F^  are  nonvolatile  polymeric 
solids.  Simple  metatheses 

M}AIF6  +  3NFASbF6  --°|V— nt'»  3MSbF6  ,  +  (NF^AIFg 

were  also  investigated  where  M  was  either  Cs  or  Na  and  the  solvents  were 
either  BrF^  at  25°C,  HF  at  _78°C  or  molten  NF^SbF^.  at  275°C  under  1000  ps i 
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NF-  and  F_  pressure.  In  all  cases,  no  evidence  for  ( N F, ) _ A 1 was  obtained, 

3  2  3_  2-  4  3  6 

probably  because  the  AIF^  and  BeF^  anions  are  very  strong  Lewis  bases 

which  undergo  rapid  solvolysis,  such  as 
A 1  F& 3 "  +  2HF  -*■  2HF2"  +  AIF^" 

This  metathetlcal  approach  was  further  complicated  by  the  fact  that  the  AIF^ 
salts  appear  to  be  quite  insoluble  and  therefore  cannot  be  separated  from 
the  highly  Insoluble  alkali  metal  SbF^  salts.  Since  previous  studies  in 
our  laboratory  had  demonstrated  that  these  solubility  and  separation  problems 
can  be  overcome  by  digesting  a  polymeric  insoluble  Lewis  acid,  such  as  UOF^  [10] 
or  WOF^  [11],  in  a  large  exess  of  a  highly  concentrated  NF^HF2  solution,  this 
approach  was  also  applied  to  AIF^  and  BeF2. 


The  concentrated  solutions  of  NF^HF^  in  HF  were  prepared  according  to 


NF.SbF,  +  CsHF  - -  CsSbF,  .  +  NF,  HF 

4  6  2  .?8oc  6  *  4  2 


followed  by  its  addition  to  either  AIF^  or  BeF^.  After  digesting  these 
mixtures  at  25°C  until  clear  solutions  were  obtained,  the  excess  of  unreacted 


NF^HF  ,  which  in  the  absence  of  a  solvent  is  unstable  at  25  C,  was  decomposed 
at  55®C 


NF^HF2  -  NF}  +  F2  +  HF 


and  pumped  off.  Based  on  the  observed  material  balances  and  spectroscopic 


and  elemental  analyses,  the  solid  residues  consisted  of  mainly  NF^Be2F^  and 
NF^AIF^  with  some  NF^SbF^  and  CsSbF^  as  the  expected  impurities.  Attempts 
to  purify  NF^AIF^  by  recrystallization  or  extraction  with  HF  were  unsuccessful 
due  to  the  low  solubilities  of  the  salts  involved  and  due  to  solvolysis.  It 


appears  that  the  presence  of  a  high  HF2  ion  concentration  is  required  to 


diminish  the  acidity  of  the  HF  solvent  and  to  suppress  the  solvolyses  of  the 

3-  -  ?- 

i  «rr*c  t.  . Air-  Air  « -  o r  tl«  ^  f  La  tKo 

au  wny  lcwiS  uopcp  n  i  i  ^  ,  nii^  wi  ^  vTiQ  w  m*.  C .  •  —  w  . 

digestion  periods  of  AIF^  or  BeF2  in  HF  solutions  of  NF^HF2  clear  solutions 
were  obtained,  while  NF^AIF^  and  NF^Be^  appear  to  possess  only  limited 
solubilities  in  HF,  suggests  the  possibility  that,  in  the  presence  of  a  large 
excess  of  HF2  ,  either  AIF^  or  BeF^  might  exist  in  these  solutions. 


Obviously,  an  excess  of  HF2  should  suppress  the  fol  lowing  solvolysis  reactions 


+  2HF  -*•  AIF^  +  2HF2 


AIF^  +  HF 


aif3  +  hf2 
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Unfortunately  the  nature  of  the  complex  fluoro  anions  in  these  solutions 

could  not  be  established  because  these  anions  are  inherently  poor  Raman 

19 

scatterers.  Nor  do  they  result  in  separate  F  NMR  signals  due  to  rapid 
exchange  with  rhe  HF  solvent. 

Although  the  above  described  experiments  did  not  permit  the  isolation  of 

either  (NF^)^AIF^  or  (NF^) ^BeF^ ,  they  resulted  in  the  syntheses  of  the  new 

salts  NF.Be„F,_  and  NF.AIF,  .  The  existence  of  the  Be_F_  anion  is  well  known, 
4  2  5  4  A  2  5 

and  the  infrared  spectrum  observed  for  NF^Be^F^  (see  Figure  1}  confirms  the 
presence  of  Be_Fc  [12].  Due  to  the  poor  scattering  by  the  anion,  the  Raman 
spectrum  of  N  F^8e  2^5  (see  figure  ')  's  dominated  by  the  NF^  lines.  These 
lines  are  in  excellent  agreement  with  a  tetrahedral  NF^+  cation  exhibiting 
splittings  into  the  degenerate  components  of  each  mode  due  to  site  symmetry 
lowering  or  slight  distortion  of  the  cation.  The  assignments  for  NF^+  agree 
well  with  our  previous  observations  [ 1 3 1  and  are  summarized  in  Table  1. 

The  results  of  this  study  demonstrates  that,  in  principle,  the  synthesis 
of  NF^  +  salts  containing  complex  fluoro  anions  derived  from  either  AIF^ 


Li  1  1 .  1 _  .  .  » 

2400  2000  1800  1600  1400  1200  1000  800  600  400  200  0 

FREQUENCY,  cm-1 

Fig.  I.  Infrared  and  Raman  Spectrum  of  Solid  NF^Be^f^ 
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or  BeF  is  possible.  Hcv/ever,  the  isolation  of  NF.  salts  containinq  the 

1  3-  2-  * 

strongly  basic  AIF^  or  BeF^  anions  remains  a  challenge  for  the  syntheti 

fluorine  chemist. 


TABLE 


Vibrational  Spectra  of  NF^Be^F,. 
Obsd  freq,  cm  ^  and  rel.  intens. 


Assignment  for  NF^ 
in  point  group  T 


2310vw 
1995  w 
1*55  i 


1220  mw 


1185  sh 
1160  vs 
ll*»5  sh 


955  s , br 

765  ms,  br 
690  ms,  br 
623  mw  > 

6  1  1  m  ' 

597  mw  ) 

558  vw 

A  98  vw 


A36  m 
A 16  ms 

A 00  mw 


1189  (1.0)  . 
1158  (1.0) 
mi  (1.0) ) 

851  do) 


62 1  (1.9) 
610  (3-3) 
599  (2. it) 


^58  (2 . 2)| 

f.i.-,  «\i 

*»**/  •  '  i) 


2V  (A,  +  E  +  F2) 

I  +  V3  (F2> 


2vk  (A,  +  E  +  F2) 


,3  (f2) 


Be2FS 

V,  (A,) 


Be2F5 


vf2> 


Be2FS 
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Perfluoroammonium  Salts  of  Melal  llcpiafluoride  Anions 

William  W  Wilson  and  Karl  ()  Christo* 

K.ve/i  i-J  Oci'tbfr  :i.  IWI 

Due '.0  lll'i  high  energy  ComCrd  and  unusual  kinetic  stability, 
the  N  F'4*  cation  is  a  unique  oxidizer.  Its  salts  have  found 
numerous  applications  such  as  solid  propellant  N I  j—  I :  gas 
generators  for  ehemieal  MF-Dl  lasers,1  ingredients  in  high 
detonation  pressure  explosives. :  and  fluorinatmg  agents  for 
aromatic  compounds.*  Although  the  NT,'*  cation  has  suc¬ 
cessfully  been  combined  with  a  large  number  of  different 
anions  in  the  form  of  stable  salts,  all  these  anions  were  derived  v 
from  relatively  strong  l  ewis  acids,  and  their  number  of  ligands 
did  not  exceed  six.  It  was  therefore  of  interest  to  explore 
whether  NF/  salts  containing  metal  he  pta  fluoride  anions  can 
exist. 

Experimental  Section 

Apparatus,  Volatile  materials  uved  in  this  work  were  handled  in 
a  suinless  sied  Teflon  ITT  vacuum  line  The  line  and  other  hardware 

111  t'hrisie.  k  O  .  \\  ikon.  u  .  Seh.iek.  C  .1  /wurg  (View  I ¥77.  /A.  *>.17 
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used  were  well  passivated  with  CIFj  and.  if  H  F  was  to  be  used,  with 
liF.  Nonvolatile  materials  were  handled  in  the  dry  nitrogen  atmo¬ 
sphere  of  a  glove  box.  Mctathetical  reactions  were  carried  out  in  HF 
solution  with  an  apparatus  consisting  of  two  FHP  l  traps  intercon¬ 
nected  through  a  coupling  containing  a  porosis  Teflon  filter.4 5 6  Thermal 
decomposition  measurements  were  carried  out  in  a  previously  de¬ 
scribed'  sapphire  reactor 

Infrared  spectra  were  recorded  in  the  range  4000  200  cm  1  on  a 
Perkin- blmer  Model  28.1  spectrophotometer.  Spectra  of  solids  were 
obtained  by  using  dry  powders  pressed  between  AgCl  windows  in  an 
Fcono  press  (Barnes  F  ngineering  Co  1.  Spectra  of  gases  were  obtained 
by  using  a  Teflon  cell  of  5-cm  path  length  equipped  with  AgCl 
windows. 

Kanun  spectra  were  recorded  on  a  Cary  Model  8.1  spectropho¬ 
tometer  using  the  4880- A  exciting  line  of  an  Ar  ion  laser  and  Claasscn 
filter4  for  the  elimination  of  plasma  lines  Sealed  glass.  Teflon  FTP. 
or  Kcl-F  tubes  were  used  as  sample  containers  in  the  transverse  viewing 
transverse-excitation  mode,  l  ines  due  to  the  Teflon  or  Kel-  F  sample 
tubes  were  suppressed  by  the  use  of  a  metal  mask. 

Flemenlal  analyses  were  carried  out  as  presiousls  described 

Materials,  l  iterature  methods  were  used  for  the  syntheses  of 
NF4SblV  and  NF4IIF<  solutions  in  HF.4 8 9  llsdrogen  fluoride 
(Matheson)  was  dried  by  storage  over  B;F,  to  remove  the  11 -O  0 
Tungsten  hexafluoride  (high  purity.  Alfa)  and  UF*  (Allied)  were  used 
as  received.  Cesium  fluoride  (kBl)  was  dried  by  fusion  in  a  platinum 
crucible  and  ground  in  the  drvbox. 

Preparation  of  NF4WF>  Dry  CsF(  1 5.0 mmol)  and  M  ,SbF„(lM) 
mmol)  were  loaded  in  the  dry  box  into  half  of  a  prepassivated  Teflon 
double  1.J  metathesis  apparaius.  Drv  HF  ( 1 5  mL  of  liquid)  was  added 
on  the  vacuum  line,  and  the  mixture  was  stirred  with  a  Teflon  coated 
magneiic  stirring  bar  for  1 5  min  at  25  °C.  After  the  apparatus  was 
cooled  to  -78  “C.  it  was  inverted  and  the  NFJIFj solutior  was  filtered 
into  the  other  half  of  the  apparatus.  Tungsten  hcxafl  toridc  (22.5 
mmol)  was  condensed  at  -196  °C  onto  the  NFJIFv  The  mixture 
was  warmed  to  ambient  temperature,  and  two  immiscible  liquid  phases 
were  observed.  After  .10  mm  of  vigorous  stirring  at  25  °C.  the  lower 
WF6  layer  dissolved  in  tFe  upper  HF  phase  Most  of  the  volatile 
products  were  pumped  off  at  ambient  temperature  until  the  onset  of 
N F4H F »  decomposition  became  noticeable  (NF,  evolution).  An 
additional  8.0  mmol  of  WF„  was  added  at  -196  °C  to  the  residue. 
When  the  mixture  was  warmed  to  ambient  temperature,  a  white  solid 
product  appeared  in  the  form  of  a  slurry.  All  material  volatile  at  -31 
°C  was  pumped  off  for  I  h  and  consisted  of  IIF and  some  NF).  An 
additional  14  <  mmol  of  WFt  was  added  to  the  residue,  and  the 
resulting  mixiurc  was  kept  at  25  °C  for  14  h.  All  material  volatile 
at  -13  °C  was  pumped  off  for  2  h  and  consisted  of  HF  and  WF*. 
The  residue  was  kept  at  22  °C  for  2.5  days,  and  pumping  was  resumed 
at  -13  °C  for  2.5  h  and  at  22  °C  for  4  h.  The  volatiles,  collected 
at  -210  °C.  consisted  of  some  HF  and  small  amounts  of  NF)  and 
WFj.  The  white  solid  residue  (5.138  g.  84'?  yield)  was  shown  by 
vibrational  and  |8F  NMR  spectroscopy  to  consist  mainly  of  NF4WF7 
with  small  amounts  of  SbF’6  as  the  only  detectable  impurity.  On  the 
basis  of  its  elemental  analysis,  the  product  had  the  following  com¬ 
position  (weight  T):  NF4WF7.  98.39;  CsSbF*,  1.61.  Anal.  Calcd: 
NF,.  17.17;  W.  44.46;  Cs.  0  58;  Sb.  0  53.  Found  NF,.  17.13:  W. 
44.49;  Cs.  0  54;  Sb.  0.55. 

Prepsration  of  !NF‘4UF\.  A  solution  of  NF4HF2  in  anhydrous  HF 
was  prepared  from  CsF  (14.12  mmol)  and  NF4SbF6  (14.19  mmol) 
in  the  same  manner  as  described  for  NF4WF7.  Most  of  the  HF  solvent 
was  pumped  off  on  warmup  from  -78  °C  toward  ambient  temperature 
until  the  onsei  of  NF4HF2 decomposition  became  noticeable.  Cranium 
hexafluoride  (14.59  mmol)  was  condensed  at  -196  °C  into  the  reactor, 
and  the  mixture  was  stirred  at  25  °C  for  20  h  The  materia*  volatile 
at  25  °C  was  briefly  pumped  off  and  separated  by  fractional  con- 


(4)  Christe.  K.  O.;  Schaek.  C.  J ;  Wilson,  R.  D.  Inorg.  Chem.  1977, 16,  849. 

(5)  Christe.  K  O.;  Wilson.  R  D.;  Goldberg.  I.  B  Inorg.  Chem.  1979.  18. 
2572. 

(6)  Claassen.  H.  H  :  Selig.  H  Shamir.  J  J.  Appl.  Specirosc.  1969.  23,  8, 

(7)  Rushworih.  R  ,  Schaek.  C.  J.;  Wilson.  W.  W„  Christe.  K  O.  Anal. 
Chem  .19*1.  53.  845 

(8)  Christe.  A.  O.:  Schaek.  C.  J  ;  Wilson.  R.  £>.  J.  Fluorine  Chem  1976. 
8.  541. 

(9)  Christe.  K  O  Wilson.  W.  W.;  Wilson.  R  D  Inorg.  Chem.  19*0.  id. 
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(10)  Christe.  K.  O.;  Wilson.  W.  W.;  Sehack.  C  J  J.  Fluorine  Chem.  1978, 
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Figure  1.  Vibrational  spectra  of  solid  NF4WF  and  Nl  4U1  traces 
A  and  D.  infrared  spectra  of  the  dry  powders  pressed  between  AgCl 
disks  (the  broken  lines  indicate  absorption  due  to  the  AgCl  window 
material);  traces  B.  C.  and  F.  Raman  spectra  recorded  at  different 
sensitivities  and  resolution 

densation  through  traps  kept  at  -78. -1 26.  and -210  CC.  It  consisted 
of  HF  (6.3  mmol).  UF*  (9.58  mmol),  and  a  trace  of  NF,.  Since  the 
NF4HF;  solution  had  taken  up  only  about  vine-third  of  the  stoi¬ 
chiometric  amount  of  UFt.  the  recovered  UF6  was  condensed  back 
into  the  reactor  The  mixture  was  stirred  at  25  °C  for  1 2  h.  and  the 
volatile  material  was  pumped  off  again  and  separated.  It  consisted 
of  HF  < 1 2.8  mmol).  UF4(I.7  mnol).  and  a  trace  of  NF,.  Continued 
pumping  resulted  in  the  evolution  of  only  a  small  amount  of  UFfc.  but 
no  NF,  or  HF.  thus  indicating  the  absence  of  any  unreacted  NF«HF;. 
The  pale  yellow  solid  residue  (5.711  g.  88%  yield)  was  shown  bv 
vibrational  and  ”F  NMR  spectroscopy  and  elemental  analysis  to  have 
the  following  composition  ('.'.eight  r():  NF4C'F,.  97.47;  NT4obl  b. 
1.50;  CsSbF4.  1,03.  Anal.  Calcd:  NF,.  15.34;  U.  50.32;  Sb.  0.90: 
Cs.  0.37.  Found;  NF,.  15.31;  U.  5C.2:  Sb.  0.90.  Cs.  0.37. 

Results  and  Discussion 

Synthesis  of  NF4XF7  Salts.  The  synthesis  of  NF4XF7  salts 
proved  rather  dtfftcull  because  melal  hexafluorides  arc  weak 
Lewis  acids  and  exhibil  only  a  moderalc  tendency  to  form  the 
energetically  relalively  unfavorable  heplafluoro  anions. 
Consequently,  neither  dirccl  synlhetic  melhods,  based  on  the 
reaction  of  NF3  wilh  F2  and  a  Lewis  acid  in  the  presence  of 
an  aciivaiion  energy  source."  nor  indirccl  melhods  such  as 
displacemeni  reaciions12  or  metathesis  in  anhydrous  I  *  F  so¬ 
lution10 *  could  be  used.  For  example,  anhydrous  H  F  displaces 
UF,,  from  NOUF7  or  CsUF7.u  However,  in  the  course  of 


(tt)  Christe.  K.  O..  Guertm.  J.  P.;  Pavlath.  A.  F  US.  Patent  3503719. 
1970. 

(12)  Christe.  K.  O.;  Schaek,  C.  J.:  Wilson.  R,  D.  Inorg  Chem.  1976,  15. 
1275. 
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a  recent  study  in  our  laboratory  a  method  for  the  preparation 
of  (NF'4):SiF‘*  was  discovered14  in  which  equilibrium  I  was 

2NF4HFvwHF  +  SiF4  .•  (NFJjSiF*  +  2(*  +  1)1  IF  (I) 

successfully  shitted  to  the  right  by  repeatedly  treating  a  highly 
concentrated  NF4HF»-HF  solution"  with  an  excess  of  SiF4 
while  periodically  stripping  off  the  HF  This  method  has  now 
been  extended  to  the  synthesis  of  NF4WF7  and  NF4U17  ac- 
cording  to  (2)  and  provided  the  first  known  examples  of  NF/ 
salts  containing  complex  anions  with  more  than  six  ligands 
about  their  central  atom 

NF4HF>*«HF  +  XF„  NF4XF7  +  («  +  l)HF 
(X  =  W.  U) 

The  purity  of  the  NF4XF7  salts  prepared  in  this  manner  was 
about  98  weight  %  with  CsSbFf,  and  N‘F4Sbl  6  as  the  principal 
impurities.  Product  purification  by  recrystallization  from  HF 
solution  was  not  possible  due  to  equilibrium  2,  which  in  the 
presence  of  a  large  excess  of  HF  is  shifted  to  the  left.  The 
yields  of  NF4XF7  were  about  86'?.  on  the  basis  of  NF4HF\, 
with  most  of  the  NF  4I  IF*  values  lust  being  uuc  lo  naiig  up  ol 
some  mother  liquor  on  the  CsSbF,,  filter  cake  during  the 
metathe  ical  preparation  of  NF4HF7  according  to  (3). 

nr 

NF4SbF*  +  CsHF:  CsSbFf  +  NF4HF,  (3) 

Physical  Properties.  NF4WF7  and  NF4IJF7  are  white  and 
pale  yellow,  respectively,  and  are  moderately  soluble  in  BrFv 
They  are  crystallinic,  hygroscopic  solids  that  are  stable  in  a 
dynamic  vacuum  at  125  °C.  At  higher  temperatures,  both 
salts  decompose  according  to  (4).  with  no  evidence  for  the 

NF4XF7  --*•  NF3  +  F2  +  XFfe  (4) 

formation  of  stable,  volatile,  higher  valence  state  floridcs.  The 
ratio  of  NF,  to  XF6  in  the  decomposition  products  was  shown 
to  be  1,1,  and  the  vibrational  spectra  of  the  solid  residues 


(13)  Bougon,  R.,’ Charpin,  P.;  Desmoulin,  J.  P.;  Malm,  J  G .  Inorg  Chrm. 
1976.  15,  2532 

(t4)  Wilson,  W.  W  ,  Chi  isle,  K.  O.  J.  Fluorine  (hem  1982,  19,  253 


showed  no  evidence  lor  doubly  charged  anions.  These  ob¬ 
servations  indicate  that  neither  the  stepwise  (cq  5)  nor  re- 

2MI  » 7  *  Mvl  F*  +  IT*  (5) 

ductivc  (cq  6)  decomposition,  previously  observed  for  the 

M.LTh  ‘MTF  +  V.I'.  (6) 

alkali-metal  salts.' ‘arc  significant  for  the  NF V  salts.  Based 
on  the  observed  decomposition  rates  in  a  dynamic  vacuum  ai 
145  °C  (NF4l  F\.  25'?  decomposition / h;  N l4WF\,  1.4'r 
decomposition/h).  NF4WF\  is  thermally  somewhat  more  stable 
than  NF4l  1F7. 

V  ibiational  Speclra.  The  infrared  and  Raman  spectra  of 
NF4WF7  and  NF4UF7  are  shown  in  Figure  I.  and  the  observed 
frequencies  and  their  assignments  arc  summarized  in  Table 

1  These  spectra  establish  beyond  doubt  the  presence  of  NF/ 
cations1' and  WF,  lft  and  UF7  anions  and  also  demonstrate 
that,  under  the  given  reaction  conditions,  no  significant 
amounts  of  XF/  salts  arc  formed. 

’T  N\1R  Spectra,  The  ionic  nature  of  the  NF4XF7  salts 
in  BrFs  solution  was  established  >>v  Ig|  NMR  spccnoscupy. 
For  NF4\VF7  at  -60  °C  two  signals,  a  triplet  of  equal  intensity 
at  <t>  =  222.7  with  =  232.7  Hz  and  a  half-line  w  idth  of 

2  Hz  and  a  singlet  at  0  =  142.2  with  a  half-line  width  of  2.8 
Hz  and  missing  i8’W  satelites  were  observed  which  are 
characteristic  for  NT/4'1*  and  WF7  "  17  respectively.  An  area 
integration  of  the  two  signals  showed  a  ratio  of  4:6.99,  in 
excellent  agreement  with  the  expected  ratio  of  4:7.  These  two 
signals  changed  very  little  when  the  sample  was  warmed  to 
ambient  temperature;  however,  the  solvent  signals  which  at 
-60  °C  were  well  resolved  collapsed  at  25  °C  to  a  single  peak. 
For  NF4UF7  at  -60  °C.  again,  well- resolved  signals  for  the 
BrF\  solvent  and  NF/  were  observed,  but  the  UF7  signal 
could  not  be  detected.  These  observations  rule  out  a  rapid 


(151  Chnsie,  k.  O.  Spectrixfun  Acta.  Pari  A  1980,  <f>A.  921  and  rcfcicm.es 
cited  theiein. 

(16)  Beutei,  A  ;  kuhlmann,  W.;  Sawodny,  W.  J  Hutirinr  (hem.  1975,  6, 
367. 

(17)  Prescott.  A.;  Shat p,  D.  W  A  ,  Winfield,  J  M  J.  (  hem.  Soc  ,  Dalton 
Trans  1975,  934. 
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exchange  between  UF-‘  and  either  the  BrF,  solvent  or  NF4\ 
but  can  be  explained  by  the  relatively  large  (400-600  H/) 
half-tine  width  previously  reported15  for  I  F-  . 

Conclusion.  The  successful  synth. sis  of  NF«\VF-  and 
NF«UF;  shows  that  even  very  weak  Lewis  acids  such  as  metal 
hexafluorides  arc  capable  of  forming  stable  NF/  salts.  This 
surprising  result  is  a  further  manifestation  of  the  unique 
properties  of  the  NF/  cation 
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The  NF4XcF2  salt  was  prepared  from  XeF6  and  NF4HF*  and  was  converted  to  (NF4)*XcFs  by  selective  laser  photolysis. 

These  new  salts  and  the  known  CsXcF't  and  Cs2XeF,  were  characterized,  and  their  vibrational  spectra  arc  reported.  Evidence 
is  presented  for  the  existence  of  a  stable  NaXcF,  salt.  The  presence  of  different  phases  in  solid  XeF*  was  confirmed  by 
Raman  spectroscopy 


Introduction 

Perfluoroammonium  salts  are  the  major  ingredient  in  sol- 
id-propellant  NFj-Fj  gas  generator  compositions  for  chemical 
lasers.1  For  ihesc  applications,  the  aciive  fluorine  content 
should  be  high,  and  the  evolved  gases  should  contact,  besides 
F2  and  NFj,  only  inert  rases  lo  avoid  dcaclivaiion  of  the  laser. 
Removal  of  undesired  gases  such  as  I  he  parent  Lewis  acids 
of  ihe  salts’  anions  can  be  accomplished  by  Ihe  addilion  of  a 
suitable  alkali-melal  fluoride  which  forms  a  nonvolalile  clinker 
with  the  Lewis  acids.2  However,  ihe  additional  weight  of  ihe 
clinkering  agenls  lowers  lhc  effective  fluorine  yields  of  these 
compositions  and  renders  l hem  less  desirable.  This  problem 
mighl  be  circumvenlcd  by  ihe  use  of  NF4+  salts  containing 
noble-gas  fluoride  anions  which,  on  decomposilion.  would  yield 
addiliona!  fluorine  values  and  incrl  noble-gas  diluent  as  Ihe 
only  byproduct.  In  this  paper  we  report  the  successful  synthesis 
of  ihe  first  known  examples  of  NF/  salts  containing  noble-gas 
fluoride  anions  and  Ihe  characierizalion  of  ihe  .veF7~  and 
XeFs2'  anions. 

Experimental  Section 

Caulion'.  Hydrolysis  of  XcFf  and  of  its  NF4+  salts  produces  highly 
sensitive  xenon  oxides  and  results  in  violent  explosions.  These  com¬ 
pounds  must  therefore  be  handled  with  the  necessary  safely  precautions 
and  in  the  complete  absence  of  moisture 

Materials  and  Apparatus.  The  apparatus,  handling  procedures, 
analytical  methods,  and  spectroscopic  techniques  used  in  this  study 
have  previously  been  described.5  Literature  methods  were  used  for 
the  preparation  of  XeFc6,4  CsXcF,.  Cs2XcF|,5  and  the  NF4HF2 
solution  in  anhydrous  HF*  Cesium  fluoride  (KB1)  was  dried  by  fusion 
in  a  platinum  crucible  and  ground  in  the  drybox. 

Preparation  of  NF4XcF7.  Dry  CsF  (15.54  mmol)  and  NF4SbF6 
(15.65  mmol)  were  loaded  in  the  drybox  into  half  of  a  prepassivated 
Teflon  U  metathesis  apparatus.  Dry  HF  (9  mL  of  liquid)  was  added 


ft)  Chrisle,  K  O ;  Wilson.  R .  D .;  Schack,  C.  J.  Inorg.  Chem.  1977.  16.  937. 

(2)  Chrisle,  K.  O ;  Schack,  C.  J.;  Wilson,  R  D.  Inorg.  Chem.  1977.  16. 849. 

(3)  Wilson.  W.  W.;  Chrisle.  K  O.  Inorg.  Chem.  1982,  21.  2091. 

(4)  Malm.  J,  G.;  Schreiner,  F.,  Osbcrne.  D.  W.  Inorg.  Nucl.  Chem  Lett. 
1965,  /.  97. 

(5)  Peacock,  R.  D,;  Selig,  H.;  Sheft,  I  J.  Inorg.  Nucl.  Chem.  1966.  28. 
2561. 

(6)  Chrisle,  K.  O ;  Wilson,  W.  W.;  Wilson,  R  D  Inorg.  Chem.  1980.  19. 
1494. 


on  the  vacuum  line,  and  the  mixture  was  stirred  wjih  a  Teflon-coated 
magnetic  stirring  bar  for  45  min  at  25  °C.  After  lhc  apparatus  was 
cooled  to  -78  °C,  it  was  inverted  and  the  NF4HF}  solution  was  filtered 
into  the  other  half  ol  the  apparatus.  Most  of  the  HF  solvent  was 
pumped  off  during  warm-up  from  78  °C  toward  room  temperature 
until  the  first  signs  of  NF4HF2  decomposilion  became  noticeable.  At 
this  point  the  solution  was  cooled  to -196  °C  and  XeFft  (17,87  mmol) 
was  added.  The  mixture  was  warmed  to  25  °C  and  stirred  for  12 
h.  Although  most  of  the  XeF6  dissolved  in  the  liquid  phase,  there 
was  some  evidence  for  undissulved  XeF*  Material  volatile  at  25  °C 
was  removed  under  a  static  vacuum  and  separated  by  fractional 
condensation  through  traps  kept  at  -64  and  -196  °C.  Immediately, 
a  while  copious  precipitate  formed  in  the  reactor  but  disappeared  after 
about  10  min.  resulting  in  a  cleat  colorless  solution.  As  soon  as  the 
first  signs  of  NF4HF2  decomposilion  were  noted,  removal  of  volatiles 
was  slopped  and  the  reactor  was  cooled  to  - 1 96  °C.  The  HF  collected 
in  the  -196  °C  trap  was  discarded,  but  the  XeF6  collected  in  the  -64 
°C  trap  was  recycled  into  the  reactor,  resulting  in  a  yellow  solution 
3t  room  temperature.  This  mixture  was  stirred  at  25  °C  for  several 
hours,  followed  by  removal  of  the  materia!  volatile  at  25  °C  under 
a  dynamic  vacuum.  The  volatiles  were  separated  by  fractional  con¬ 
densation  through  traps  kept  at  -210.  -126.  and  -64  °C  and  consisted 
of  NFi  (~0.3  mmol).  HF  (~  1 1  mmol),  and  XcFft,  respectively.  The 
reactor  was  taken  lo  the  drybox,  and  the  solid  products  were  weighed. 
The  yellow  filtrate  residue  (5.149  g;  weight  calculated  for  1 5.54  mmol 
of  NF4XeFj  5.506  g.  corresponding  lo  a  yield  of  93. consisted 
of  NF4XcF„  and  the  white  filtei  cake  (5.7e  g;  weight  calculated  for 
1 5.54  mmol  of  CsSbF*  5  72  g)  consisted  of  CsSbF6.  The  composition 
of  these  solids  was  confirmed  by  vibrational  and  19F  NMR  spec¬ 
troscopy,  pyrolysis,  and  analysis  of  the  pyrolysis  residue  for  NF4+. 
Cs\  and  SbF,,'.  On  the  basis  of  these  results,  the  reaction  product 
had  the  following  composition  (wt  %);  NF4XcF7  (98.01),  NF4SbF6 
(0.88),  and  CsSbF*  (1  11). 

Results  and  Discussion 

The  XeFj"  and  XeF82  anions  are  thermally  quite  stable* 
and.  therefore,  were  a  logical  choice  for  Ihe  synlhesis  of  ihe 
corresponding  N  F/  sails.  Allhough  Ihe  syntheses  of  MXeF7 
<M  =  Cs.  Rb.  N02)*-7  and  M2XeF8  (M  =  Cs.  Rb,  K.  Na. 
NO)5,1  sails  ha-.-e  been  reported,  lhese  sails  have  nol  been  well 
characterized,  excepi  for  a  crystal  slruclure  determinalion  of 


(7>  Hollow.iy.  J.  \u  Selig.  H.;  El-Gad,  U.  J.  Inorg  AW/.  Chem  1973,  25. 
3624. 

j  (8)  Moody,  G.  J.;  Selig.  H.  Inorg.  Nucl.  Chem.  Lett.  1966,  2.  319. 
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Figure  1.  Raman  spectra  of  CsXeF,  containing  excess  XeF6  (trace 
A),  CsXeFj  recorded  at  two  different  sensitivity  levels  (traces  B  and 
C).  Cs2XeF,  generated  by  decomposition  of  CsXeF7  at  25  9C  in  the 
4880-A  laser  beam  (trace  D).  Cs2XeF|  generated  by  vacuum  pyrolysis 
of  CsXeF7  at  160  “C  (trace  E).  and  a  mixture  of  NaXeF7  and 
NajXeFj  (trace  F). 


(NO)2XeF|,9  Therefore,  a  better  characterization  of  the 
XeF7'  and  the  XeFgJ"  anion  was  necessary  to  allow  proper 
identification  of  their  NF4+  salts. 

Synthesis  and  Characterization  of  CsXeF7,  Cs2XeF8,  and 
XeF6.  In  agreement  with  a  previous  report5  it  was  found  that 
CsF  reacts  with  XeF6  at  60  °C  to  form  CsXeF7.  However, 
the  following  observations  deviate  from  the  previous  report,5 
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Figure  2.  Raman  spectra  of  XeF*  recorded  a)  -120  and  25  °C  and 
at  different  sensitivity  levels.  The  differences  between  traces  A-C 
and  D,  E  are  attributed  to  different  phases  (see  text). 

(i)  It  was  not  necessary  to  carefully  add  the  XeF*  in  small 
increments  to  the  CsF.  No  evidence  for  decomposition  or 
explosions  was  noted,  as  long  as  the  CsF  was  carefully  dried. 

(ii)  We  could  not  obtain  complete  conversion  of  CsF  to  Cs- 
XcF7,  Even  with  a  1 3-fold  excess  of  XeF4  and  3-week  reaction 
time  at  60  9C.  followed  by  I  week  at  ambient  temperature, 
the  XcF6  uptake  by  the  CsF  was  less  than  expected  for  a  1:1 
stoichiometry.  When  the  removal  of  the  excess  of  XcF6  from 
the  sapphire  reactor  was  stopped  at  a  weight  corresponding 
approximately  to  a  1:1  adduct,  the  Raman  spectrum  of  the 
product  showed,  in  addition  to  CsXcF7,  the  presence  of  either 
free  or  very  weakly  associated  XcF6,  and  the  product  evolved 
XeF6  on  standing,  Even  after  removal  of  additional  XeF6 
(weight  corresponding  to  the  composition  of  CsXeF7*0. 19CsF) 
the  Raman  spectrum  still  showed  the  presence  of  free  XeF6 
(see  trace  A  of  Figure  I).  A  pumping  time  of  about  8  h  at 
ambient  temperature  was  required  to  obtain  a  constant  weight 
and  tc  completely  remove  free  XcF6  (see  trace  B  of  figure 
1),  At  this  point  the  composition  of  the  product  had  dropped 
to  CsXeF7-0.g9CsF.  (iii)  The  Cs2XeFg  salt,  prepared  by 
vacuum  pyrolysis  of  CsXeF7  at  160  9C,  was  white  and  not 
cream  colored, 

Since  xenon  fluorides  are  excellent  Raman  scatterers,  Ra¬ 
man  spectroscopy  was  used  to  distinguish  \eFt,  XeF7”,  and 
XeFj2"  from  each  other,  Previous  work  on  .similar  M  F4,  MF7', 
MFjJ~  (M  -  Mo,  W,  Re)10  systems  has  shown  that  the  ad¬ 
dition  of  P  to  a  MF6  molecule  or  MF7‘  anion  increases  the 
polarity  of  the  M-F  bonds  and  therefore  progressively  lowers 
the  frequencies  of  the  MF„  stretching  modes.  Since  XcF7  salts 
are  yellow,  they  strongly  absorbed  the  blue  4880-A  exciting 
line  of  our  laser.  To  avoid  decomposition  of  the  samples  in 
the  laser  beam,  we  recorded  the  Raman  spectra  of  XeF7~  salts 
at  low  temperature,  Although  the  Raman  spectrum  of  solid 


(9)  Peteraon.  S.  W.;  Holloway,  J.  H.;  Coyle,  B.  A.;  William*,  J.  M.  Science  (10)  Beuter,  A.'.  Kuhlmann,  W.;  Sawodny,  W.  J.  Fluorine  Ckem.  1975,  6, 
(Washington,  D  C,)  1971,  173,  1238.  367  and  references  cited  therein. 
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Hcptafluoro-  and  Octalluoroxcnon(VI)  Salts 
Tabic  I.  Raman  Specira  of  Solid  XcK** 
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a  The  observed  differences  in  ibe  A  and  B  lype  spectra  are 
attributed  to  the  presence  of  more  than  one  phase  indifferent 
ratios.  Observed  frequencies  are  given  in  cm  ' .  with  relative 
intensities  in  parentheses  (uncorrected  Raman  intenriliest. 

XeFe  has  previously  been  recorded  at  40  °C,"  its  low-tem¬ 
perature  spectrum  was  required  to  allow  its  comparison  with 
those  of  XeF7‘  and  XeFg2'.  The  spectrum  observed  for  XeF„ 
at  -120  °C  (trace  A  of  Figure  2)  shows  splittings  for  most  of 
the  bands  observed  in  the  room-temperature  spectrum  (trace 
B  of  Figure  2).  The  latter  agrees  well  with  that  previously 
reported.11  However,  depending  on  temperature  cycling  and 
exposure  time  to  the  laser  beam,  a  second  type  of  spectrum 
could  reversibly  be  generated  from  the  same  sample  and  was 
recorded  at  both  -120  °C  (trace  D  of  Figure  2)  and  25  °C 
(trace  E  of  Figure  2).  Since  XeF*  is  known  to  exist  in  at  least 
four  different  crystalline  modifications,12  the  different  spectra 
arc  attributed  to  the  presence  of  more  than  one  XcFfc  phase. 
The  observed  frequencies  are  summarized  in  Table  I. 

As  expected  from  the  previously  known  MF6,  MF7\  MFg2" 
series  spectra,10  the  strongest  Raman  line  in  the  spectra  of 
XeF„  and  XeF7~  and  XeF*2  shows  a  frequency  decrease  with 
increasing  negative  charge  (sec  Figure  1).  For  Cs2XeF8,  two 
different  spectra  were  observed,  depending  on  its  method  of 
preparation.  When  the  sample  was  prepared  by  laser  photo¬ 
lysis  at  ambient  temperature  (XcF7  is  yellow  and  strongly 
dbsui  bs  the  blue  4880-A  line  of  the  Ar  ion  laser,  whereas 
XeFg2"  is  white  and  does  not  decompose  in  the  laser  beam), 
the  spectrum  shown  by  trace  D  of  Figure  1  was  observed. 
When  the  Cs2XeF8  sample  was  prepared  by  vacuum  pyrolysis 
of  CsXeF7  at  160  °C,5  the  spectrum  shown  by  trace  E  of 
Figure  1  was  obtained.  The  general  appearance  of  the  spectra 
is  quite  similar,  but  some  of  the  bands  exhibit  significant 
frequency  shifts  (see  Table  II).  These  shifts  might  be  caused 
by  solid-state  effects. 

On  the  Existence  of  NaXeF7,  On  the  basis  of  a  previous 
report5,  only  C.sF  and  RbF  form  1:1  adducts  with  XeF6,  while 
for  NaF  only  a  2.1  adduct  can  be  isolated.  However,  the 
experimental  evidence  given  by  the  same  authors5  (combining 
ratios  of  NaF:XeF6  were  as  low  as  1.73)  suggested  that 
NaXeF7  might  exist  in  addition  lo  Na2XeFfc.  This  was  now 
verified  by  Raman  spectroscopy.  As  can  be  seen  from  Table 
II  and  trace  F  of  Figure  1,  the  product  obtained  by  reacting 

(It;  Gasiwr  E.  L Ciaassen,  H.  H.  Inorg.  Chem.  5%7,  6,  1937. 

(12)  Sladky,  F.  MTP  Ini  Rev.  Sci.,  Inorg.  Chem..  Ser  One  1972,  3.  14. 
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Figure  3.  Infrared  spectra  of  CsXcF7  recorded  at  25  °C  between  AgCI 
windows  (trace  A)  and  of  NF«XeF7  recorded  ai  -196  °C  bciween 
Csl  windows  (trace  B)  and  25  °C  bciween  AgCI  windows  (trace  C) 
and  Raman  specira  of  NF«XeF7  and  (NF«)2XcFg  recorded  at  different 
temperatures  and  sensitivities  (traces  D-l).  The  broken  lines  in  the 
infrared  specira  indicate  absorption  due  to  ihe  AgCI  windows. 

Xe  with  a  large  excess  of  F2  and  NaF  at  250  °C,  followed  by 
removal  of  all  material  volatile  at  55  °C  in  vacuo,4  clearly 
contains  XeF7‘  in  addition  to  XeFg2‘.  Consequently,  NaF  can 
form  a  1:1  adduct  with  XeF6  that  is  stable  up  to  at  least  55 
°C.  Since  KF  generally  forms  more  stable  adducts  than  NaF, 
it  appears  safe  to  predict  that  KXeF7  should  also  exist.  The 
difficulty  in  obtaining  1:1  combining  ratios  for  MF  (M  =  Na 
or  K)  with  XeF6  might  therefore  be  attributed  to  difficulties 
in  achieving  a  high,  conversion  of  the  starting  materials  and 
not  to  the  nonexistence  of  the  1:1  adducts. 

On  the  Structure  of  XeF7  and  XeF„2 .  From  a  crystal 
structure  determination  of  (NO)2XcF8,9  the  XeF„2'  anion  is 
known  to  possess  a  squarc-a r.tipr isma tic  structure.  The  eh 
served  Raman  spectra  of  Cs2XeFg  arc  in  excellent  agreement 
with  such  a  structure  of  symmetry  £)w.  Three  Raman-active 
stretching  modes  should  be  observed,  one  each  in  species  A,. 
E2,  and  Ej.  Of  these,  the  A|  mode  is  assigned  to  the  most 
intense  and  single  band  at  about  510-530  cm'1,  while  the  two 
doubly  degenerate  E  modes  are  assigned  to  the  two  doublets 
at  about  430  and  370  cm"1  (see  Table  II).  The  observed 
frequencies  agree  well  with  those  reported  for  TaFg3'  (622, 
426,  and  377  cm"1),10  which  is  also  known  from  X-ray  data13 
to  be  a  square  antiprism.  The  fact  that  XeFg2"  has  a 
square-antiprismatic  structure  suggests  that  the  free  valence 
electron  pair  on  xenon  is  sterically  inactive.  This  is  analogous 
to  the  observations  previously  made  for  BrF6",  which  due  to 
its  smaller  central  atom  can  accommodate  only  a  maximum 
of  six  ligands,  thus  forcing  the  free  valence  electron  pair  on 
bromine  to  become  sterically  inactive.14 

( 1 3)  Hoard.  J.  L.;  Martin,  W.  J.;  Smith.  M.  E,;  Whitney,  I.  F.  J.  Am.  Chem. 

Soe.  1954.  76,  3820. 
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Table  H.  Vfcrational  Spectra  of  MXeF,  and  M,XeF,  Salt*  (M  =  NF„  Ci,  and  Na) 
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0  Uncorrected  Raman  intensitic*.  6  Tentative  alignments.  c  Objerved  splittingi  into  degenerate  components  are  caused  by  solid-state 
effect*. 


For  XeF7‘  no  structural  data  are  availaole  and  several 
structural  models  must  be  considered.  The  free  valence 
electron  pair  on  xenon  could  be  sterically  either  active  or 
inactive.  If  it  is  active,  one  would  expect  a  structure  derived 
from  a  square  antiprism  with  one  of  the  positions  being  oc¬ 
cupied  by  the  free  pair.  Such  a  structure  would  be  of  low 
symmetry  and  result  in  1 8  mutually  nonexclusive  infrared  and 
Raman  tends.  If  the  free  pair  is  sterically  inactive,  two  models 
are  most  likely.  One  model  is  a  pentagonal  bipyramid  of 
symmetry  Dih,  as  observed  for  MF7  (M  =  I,  Re),  ZrFy3-,  and 
certain  CsMF7  (M  =  W,  Mo,  Re)  salts.10  In  this  case,  five 
infrared-  and  five  Raman-active  bands  are  expected,  which 
should  be  mutually  exclusive.15  The  other  model  is  a  mo- 
nocapped  trigonal  prism  of  symmtry  Cj,,  as  in  MF72"  (M  = 
Nb,  Ta),13  for  which  18  Raman  and  1 5  mutually  nonexclusive 
infrared  tends  are  expected.  The  spectra  observed  for  CsXeF7 
(Table  II,  trace  B  of  Figure  1 ,  and  trace  A  nf  Figure  3)  show 
at  least  10  Raman  bands,  most  of  which  are  also  observed  in 
the  infrared  spectrum.  Therefore,  a  model  of  symmetry  Dih 
appears  unlikely.  However,  a  distinction  between  the  two 
remaining  models  (pseudo  square  antiprism  and  monocapped 
trigonal  prism)  is  not  possible  on  the  basis  of  the  available  data. 

Synthesis  and  Properties  of  NF4XeF7  and  (NF4),XeF8.  The 
NF4XeF7  salt,  the  first  example  of  an  NF4+  salt  containing 
a  noble-gas  fluoride  anion,  was  prepared  by  repeatedly  treating 
a  highly  concentrated  solution  of  NF4HF2  in  anhydrous  HF 
with  an  excess  of  XeF6  in  order  to  shift  the  equilibrium 

NF4HF2  +  XcF6  *  NF4XeF,  +  HF  (1) 

to  the  right-hand  side.  The  displaced  HF  was  removed  to¬ 
gether  with  unreacted  XeF6.  The  XeF6  was  separated  from 
the  HF  by  fractional  condensation  and  was  recycled.  In  this 


(14)  Bougon,  R.;  Charpin,  P.;  Soriana.  J.  C.  R.  Hebd.  Seances  Acad.  Sci. 
Paris,  Ser.  C  1971,  272,  565. 

(15)  Ferraro,  J.  R.  In  "Low  Frequency  Vibraliom  of  Inorganic  and  Coor¬ 
dination  Compounds”;  Plenum  Preis:  New  York,  1971;  pp  1 12-1 14. 


manner,  NF4XeF7  was  prepared  in  94%  yield  and  98%  purity. 
The  yield  is  based  on  NF4SbF6  used  in  the  NF4HF2  prepa¬ 
ration  step6 

NF4SbF6  +  CsHF2  -  NF4HF2  +  CsSbF6j  (2) 

and  is  less  than  quantitative  due  to  hang-up  of  some  mother 
liquor  on  the  CsSbF6  filter  cake.  The  2%  impurities  consisted 
of  CsSbF6  and  NF4SbF6  and  are  typical316  for  metathetical 
reactions  involving  NF4HF2. 

The  NF4XeF7  salt  is  a  light  yellow  solid.  It  is  stable  at 
ambient  temperature  and  starts  to  slowly  decompose  at  about 
75  °C.  Under  a  dynamic  vacuum,  the  decomposition  rates 
at  75  and  100  °C  were  found  lobe  1.6%/h  and  28%/h,  re¬ 
spectively.  The  decomposition  mode 

NF4XeF7  —  NF}  +  F2  +  XeF6  (3) 

was  established  by  mass  balance  and  the  observed  decompo¬ 
sition  products.  Since  the  NF4XeF7  salt  violently  explodes  on 
contact  with  water  and  therefore  could  not  be  analyzed  by 
standard  hydrolytic  methods,'1  an  exhaustive  vacuum  pyrolysis 
at  1 20  °C,  followed  by  an  analysis  of  the  solid  residue,  was 
used  to  assay  the  compound. 

The  ionic  nature  of  solid  NF4XeF7  was  established  by  vi¬ 
brational  spectroscopy  (see  Table  II  and  Figure  3,  traces  B-F), 
which  showed  the  bands  characteristic  for  tetrahedral  NF4+ 18 
and  XcF7“  (see  above).  When  solid  NF4XeF7  w&s  dissolved 
in  anhydrous  HF,  l9F  NMR  and  Raman  spectra  of  the  re¬ 
sulting  solution  showed  XeF6  and  NF4+  as  the  principal  species, 
suggesting  that,  in  a  large  excess  of  HF,  equilibrium  1  is  shifted 
all  the  way  to  the  left-hand  side.  In  BrF<  solution  at  -40  °C, 
the  ,9F  NMR  spectra  originally  showed  the  presence  of  NF4+ 
(triplet  of  equal  intensity  at  221  ppm  below  external  CFClj 


(16)  Wilson.  W  W.;  Christe.  K.  0.  J.  Fluorine  Chem  1982,  19,  253. 

(17)  Rushwulh.  R.;  Schack,  C.  J,;  Wilson.  W.  W/,  Christe,  K.  O.  Anal. 
Chem.  1981.  S3.  845. 

(18)  Christe,  K.  0.  Spectrochim.  Acta,  Part  A  1980,  36A,  921. 
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with  yNF  *  232  Hz),16  which  was  slowly  replaced  by  the  signal 
of  NFj  (triplet  of  equal  intensity  at  145  ppm  below  CFC13  with 
yNF  =  290  Hz),1’  suggesting  again  solvolysis  of  NF4XcF7, 
followed  by  decomposition  of  the  unstable  NF4BrF*  inter¬ 
mediate: 

NF4XcF7  +  BrFj  p*  !NF4BrF6]  +  XcF6  (4) 
(NF4BrF6]  -  NF3  +  F2  +  BrF,  (5) 

When  a  sample  of  NF4XcF7  was  exposed  at  room  tem¬ 
perature  for  prolonged  time  to  blue  4EE0-A  laser  light,  pho- 
tolytic  decomposition  of  NF4XeF7  occurred,  resulting  in 
(NF4)2XcF|  formation: 

A*  (48*0  A) 

2NF4XeF, - *  (NF4),XcF,  +  XcFfc  (6) 

Attempts  were  unsuccessful  to  duplicate  this  reaction  by 
carefully  controlled  thermal  decomposition  of  NF4XeF7.  The 
only  products  obtained  were  NF3.  F2,  XcF6,  and  unrcactcd 
NF4XeF7.  The  selective  decomposition  of  NF4XcF7  and 
stability  of  (NF4)2XeFs  in  the  laser  beam  can  be  explained 
by  the  different  color  of  the  two  compounds.  The  yellow 
NF4XeF7  strongly  absorbs  the  blue  4880-A  light,  whereas  the 
white  (NF4)2XeFsdoes  not.  Since  the  output  of  the  available 
laser  was  just  75  mW,  only  very  small  amounts  of  (NF4)2XeFg 


(19)  Dungan,  C.  H.;  Vjw  Wazer.  J.  R.  tn  “Compilation  of  Reported  ”F 
NMR  Chemical  Shifts";  Wiley;  New  York,  1970. 


could  be  produced  in  this  manner,  and  identification  of  the 
product  was  limited  to  Raman  spectroscopy.  As  can  be  seen 
from  traces  G-l  of  Figure  3  and  Table  II,  the  spectra  clearly 
show  the  presence  of  the  NF/ 18  and  XeFg2'  ions  (see  above). 
The  observed  splittings  arc  due  to  lifting  of  the  degeneracies 
for  the  E  and  F  modes  in  the  solid  slate.11 

Conclusion.  The  present  study  further  demonstrates  the 
unique  ability  of  the  NF4+  cation  to  form  a  host  of  stable  salts. 
The  successful  synthesis  of  NF4XcF7  and  (NF4)2XeFt  provided 
the  first  known  examples  not  only  of  NF4+  salts  containing 
noble-gas  fluoride  anions  but  also  of  an  NF4+  salt  containing 
an  octafluoro  anion.  These  salts  are  very  powerful  oxidizers 
and  on  thermal  decomposition  generate  NFj,  F2,  and  only  inert 
gases.  The  formation  of  (NF4)2XeFg  is  an  interesting  example 
of  a  selective  laser-induced  reaction.  The  XeF7'  and  XcFg2‘ 
anions  were  characterized  by  vibrational  spectroscopy.  Raman 
spectroscopic  evidence  was  obtained  for  the  existence  of  a 
stable  NaXcF7  salt,  and  the  presence  of  different  phases  in 
solid  XeF6  was  confirmed. 
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SUMMARY 

The  thermal  decomposition  of  NF^XeF^  was  studied  hy  differential 
scanning  calorimetry.  From  the  observed  enthalpy  of  decomposition, 
a  value  of  -491  kJ  mol-1  was  calculated  for  AH^0(NF^XeF^ ^ ) .  The 
reaction  of  NF^+  salts  with  BrF^,  previously  suggested  [1]  for 
the  determination  of  more  precise  thermochemical  values  for  NF^+ 
salts  by  solution  calorimetry,  was  shown  to  be  infeasible. 

INTRODUCTION 

In  a  previous  paper  [2]  thermochemical  data  were  summarized 
for  NF^BF4,  NF4PF6,  NF4AsF6,  NF^SbF^,  NF^GeF ^  and  (NF^GeFg.  In 
this  paper  we  would  like  to  report  thermochemical  data  for  the 
recently  synthesized  [3]  NF^XeF^  which  is  of  particular  interest 
due  to  its  exceptionally  high  energy  content.  Furthermore,  we 
would  like  to  comment  on  several  suggestions,  recently  made  by 
Woolf  [1],  concerning  the  thermochemistry  of  NF4+  salts. 

EXPERIMENTAL 

The  synthesis  of  NF^XeF^  [3]  and  the  DSC  method  [2]  have 
previously  been  described.  Based  on  its  elemental  analysis  [3] 
the  purity  of  the  NF^XeFy  sample  used  in  this  study  was  98.0 
weight  percent  with  a  total  of  two  percent  of  NF^SbF^  and  CsSbF^ 
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being  present  as  impurities.  Since  these  impurities  are  thermally 
much  more  stable  [4]  than  NF^XeFy[3],  they  did  not  interfer  with 
the  DSC  measurements,  and  a  simple  2  percent  correction  of  the 
starting  weights  was  made. 

The  reaction  of  NF^SbF^[3]  with  BrF^  (The  Matheson  Company) 

was  carried  out  in  a  well-passivated  (with  ClFg)  Teflon  FEP  ampule 

connected  to  a  314- stainless  steel  Teflon  FEP  vacuum  system.  The 

NF/SbF,.  was  treated  with  a  tenfold  excess  of  BrF~  at  23°C  for 
4  6  3 

2  hours.  The  volatile  products  were  separated  by  fractional 
condensation  and  consisted  of  mainly  unreacted  BrFg  and  a  small 
amount  of  HF  and  NFg.  No  evidence  for  the  formation  of  either 
BrF^  or  F2  was  observed.  The  solid  residue  had  changed  only 
little  in  weight  and  based  on  its  Raman  spectrum  consisted  mainly 
of  NF^SbFg,  a  small  amount  of  Br2+  and  possibly  some  BrF2+  salts. 

RESULTS  AND  DISCUSSION 

Enthalpies  of  Decomposition  and  Formation  of  NF^XeF-,  In  a  previous 
study  [3]  it  was  shown  that  the  thermal  decomposition  of  NF^XeFy 
proceeds  according  to 

NF4XeF? - ►NF3  +  F2  +  XeF6 

Although  (NF4>2XeFg  is  the  logical  intermediate  in  this  decomposition, 
this  compound  could  only  be  isolated  by  selective  laser  photolysis  [3]. 
The  observation  of  a  shoulder  at  107°C  on  the  main  decomposition 
endotherm  of  NF^XeF^  (onset  at  80°C)  supports  a  two  step  decomposition 
mechanism  for  NF^XeF^  and  suggests  the  formation  of  (NF^^XeFg  as  an 
intermediate.  Unfortunately,  a  large  enough  sample  of  pure  (NF4)2XeFg 
was  not  available  to  measure  the  decomposition  enthalpy  of  the  second 
step  separately.  For  the  overall  decomposition  enthalpy  of  NF^XeF^  a 
value  =  64.6+5  kJ  mol  1  (lo)  was  found.  From  the  known 

enthalpies  of  formation  of  NFg[6]  and  XeFg[7]  the  enthalpy  of 
formation  of  NF^XeF^  is  calculated  as  AH£°(NF4XeFy ^ )  =-490.7 
kJ  mol  1.  A  comparison  of  this  value  with  those  previously  found 
[2]  for  a  series  of  NF^+  salts  containing  other  complex  fluoro 
anions  clearly  demonstrates  that  NF^XeF^  is  by  far  the  most 
energetic  of  these  salts. 
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Conroents  on  the  Paper  by  Woolf  In  a  recent  paper  by  Woolf  [1]  the 
interesting  observation  was  made  that  the  experimentally  determined 
enthalpies  of  formation  of  several  Nf^+  salts  [2]  closely  correspond 
to  those  estimated  for  the  corresponding  N02+  salts  [1].  Further¬ 
more,  it  was  extrapolated  that  this  relationship  for  salts  with 
anion  dominated  lattices  should  also  hold  for  the  cation  dominated 

lattice  salts  NF,  F  and  N0?+F  ,  deriving  the  enthalpy  of  formation 
+  -  ^  ^  +  - 

of  NF^  F  from  an  estimate  for  N02  F  [1].  Criticizing  the  admittedly 
substantial  uncertainties  in  the  known  experimental  data  [2],  Woolf 
preferred  his  values  derived  from  the  same  data,  but  extended  by 
estimates  and  extrapolations.  In  our  opinion,  this  is  unwarranted. 


In  spite  of  the  above  criticism,  it  is  most  gratifying  that 
Woolf’s  estimated  value  of  -91  kJ  mol-*  for  the  enthalpy  of 
formation  of  solid  NF^+F"[1]  is  almost  identical  to  that  (-95  kJ  mol"* 
derived  from  our  previous  data  [2] 


NF3(g)  +  F2(g)-^NfA'(s> 


&Hr°- 131 . 4 


0 


-95.4  kJ  mol 


-1 


Unfortunately,  the  commentary  in  [1]  could  easily  be  misinterpreted. 
After  listing  an  exothermic  value  of  -91  kJ  mol"1  for  the  enthalpy 
of  formation  of  NF^+F  ,  reference  is  made  [1]  to  "the  previous  pre¬ 
diction  of  instability"  of  this  compound.  Obviously,  in  both  papers 
[1,2]  almost  identical  exothermic  values  are  obtained  for  the 
enthalpy  of  formation  of  solid  NF^+F".  However,  as  stressed  in 
[2],  solid  NF^+F  is  unstable  with  respect  to  decomposition  to 
NF^  and  F2  by  about  36  kJ  mol”1. 

In  [1],  solvolysis  of  NF^+  salts  in  BrF^  according  to 

BrF3 

NF4+SbF6-  +  2BrF3  - -  NF^  +  BrF^g^  +  BrF3- SbF5(BrF3> 

was  suggested  as  a  method  of  obtaining  more  precise  thermochemical 
values  for  NF^+  salts,  and  a  heat  of  reaction  of  about  70  kJ  mol-1 
was  anticipated  for  this  reaction.  A  study  of  the  NF^SbF^-BrF^ 
system  carried  out  in  our  laboratory  shows  that  this  reaction 
does  not  proceed  as  postulated  and  therefore  is  of  no  practical 
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usefulness.  No  BrF,-  formation  was  observed,  and  the  evolution 

^  + 

of  some  NF^,  accompanied  by  some  B^  and  HF  formation,  is 

indicative  of  experimental  difficulties  with  undesired  side 

reactions,  even  in  well-passivated  Teflon-stainless  steel 

equipment.  The  discrepancy  between  the  predicted  [1]  70  kJ  mol~^ 

exothermicity  and  the  observed  unreactivity  of  the  above  system 

might  be  attributed  to  the  previous  neglect  of  taking  the  strong 

association  of  liquid  BrF->  into  account.  If  the  left  side  of 

the  equation  is  corrected  for  AH  ot>  of  BrF->  (42. 84  kJ  mol  )  [8], 

vap  j  i 

the  heat  of  reaction  becomes  endothermic  by  about  15  kJ  mol 
and  agrees  with  the  observed  lack  of  reactivity. 
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TETRAFLUOROAMMONIUM  SALTS 
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Since  [NF, ]+  is  a  coordinatively  saturated  complex  fluoro  cation, 
the  synthesis  of  its  salts  is  generally  difficult.  A  limited 
number  of  salts  can  be  prepared  directly  from  NF^,  and  these 
salts  can  then  be  converted  by  indirect  methods  into  other  [NF^] 
salts  which  are  important  for  solid  propellant  NF^-^  gas 
generators  or  reagents  for  the  electrophilic  fluorination  of 
aromatic  compounds. 

The  two  direct  methods  for  the  synthesis  of  [NF, ]+  salts  are 
based  on  the  reaction  of  NF^  with  either  [KrF]  salts  . 

NF3  +  [KrF][AsF6]  - [NF^]  [AsF^]  +  Kr 

or  F9  and  a  strong  Lewis  acid  in  the  presence  of  an  activation 

L  3 

energy  source  E. 

NF3  +  F2  +  XFn - l^[NF4][XFn+1] 

3 

For  the  chemist  interested  in  synthesis,  the  second  method  is 
clearly  superior  due  to  its  high  yields,  relative  simplicity 
and  scalability. 
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Four  different  activation  energy  sources  have  been  used  for  the 
direct  syntheses  of  the  following  [NF^]+  salts: 

(i)  Heat:4  7[NF^][BiF6],  [NF4] [SbFfe ] ,  [NF^] [AsFfi] , 

[NF^]2[TiF6-nTiF4] 

(ii)  Glow  discharge  8 ' 9 TNF^] [AsF^ ] ,  [NF^][BF^] 

(iii)  UV-photolysis-10,11[NF4][SbF6],  [NFjtAsFg],  [NF4][PF6], 

[NF4][GeF5],  [NF^][BF^] 

(iv)  Bremsstrahlung^^fNF^ltBF^] 

Of  these,  the  thermal  synthesis  of  [NF^]  [SbF^ ]^*~ 7  is  most  convenient 

(Method  A)  and  provides  the  starting  material  required  for  the 

syntheses  of  other  [NF^1*  salt-s  by  indirect  methods.  For  the 

syntheses  of  pure  [NF, ]+  salt,s  on  a  small  scale,  low- temperature 

4  11 

UV-photolysis  is  preferred  (Method  B) . 

The  following  indirect  methods  for  the  interconversion  of  [NF^]+ 
salts  are  known: 

(i)  Metathesis  reaction: 

n[HF4][XF6]  +  [Cs]n[MFmfn]^££^[NF4]n[MFm+n]  +  n[Cs][XF6]* 
soluble  soluble  soluble  insoluble 

where  typically  X  =  Sb  and  solvent  =  anhydrous  HF  or  BrF^.  This 
method  is  limited  to  anions  which  are  stable  in  the  given  solvent 
and  results  in  an  impure  product.  Typical  compounds  prepared  in 
this  manner  include:  [NF4] [BF4] , 6 • 13 • 14[NF4] [HF2]15  (Method  C) , 
[NF4][S03F],16  [NF4][C104],15  and  [NF4] 2[MF6] [M-Sn, 17  Ti,18  Ni,19  Mn"°] 
(Method  D) . 
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(ii)  Reaction  of  solid  [NF^]  [ HF2  ■  xHF]  with  a  weak  Lewis  acid: 

When  the  MF  ~  anion  is  unstable  in  a  solvent,  such  as  HF,  and 
m+n 

the  Lewis  acid  MF^  is  volatile,  the  equilibrium 

n[NF4][HF2  xHF]  +  MFm-==*:[ NFJJ MF^]  +  n(x+l)  HF 

can  be  shifted  to  the  right  bv  the  use  of  an  excess  of  MF  and 
continuous  removal  of  HF  with  the  excess  of  MFm.  Typical 
salts  prepared  in  this  manner  include:  [ NF^] 2[ SiF^] (Method  E) 
and  [NF4][MF7](M=l\W22,Xe23). 

(iii)  Reaction  of  [NF^][HF2]  with  a  nonvolatile  polymeric  Lewis 
acid:  When  in  the  metathesis  (i)  all  the  materials  except  [NF^][XF^] 
are  insoluble,  product  separation  becomes  impossible.  This  problem 

is  avoided  by  digesting  the  Lewis  acid  in  a  large  excess  of  [NF^][HF2] 
in  HF  solution,  followed  by  thermal  decomposition  of  the  excess 
[NF^][HF-,]  at  room  temperature. 

[NF4][HF2]  +  XFn  HF  -  [NF4][KFn+1]  +  HF 

Salts  prepared  in  this  manner  include  [NF4] [MOFj]  (M“L' , (Method  F) , 
[NF4][A1F4]  and  [  NFJ  [  Be^]  .  26 

(iv)  Displacement  reaction*.  Displacement  of  a  weaker  Lewis 
acid  by  a  stronger  Lewis  acid  can  be  carried  out  easily,  as 
demonstrated  for  [NF^][PF^].^ 

[NFa][BF4]  +  PF5  - *-[NFa][PF6]  +  BF3 

(v)  Rearrangement  reaction:  When  [NF^][GeF3]  is  treated  with 
anhydrous  HF,  the  following  equilibrium  is  observed. 

2[NF4][GeF5]  ■  jHlF—  [NF4]2[GeF6]  +  GeF4 
4GeF4 
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This  equilibrium  can  be  shifted  to  the  right  by  repeated  treatments 
of  [NF^][GeF^]  with  HF  and  GeF^  removal,  and  to  the  left  by  treatment 
of  [NFA]2[GeF6]  with  GeF4.U 

A.  TE T RA F LUO RO AMMONIUM  HEXAFLUOROANTIMONATE  (V) 

?  sn° 

NF3  +  2F2  +  SbF^ - —  ^[NF43[SbF3 

7  0  a  t  m 

Procedure 


B  Caution.  High  pressure  fluorine  reactions  should  only  be  carried 
out  behind  barricades  or  in  a  high  pressure  bay  using  appropriately 
pressure* temperature  rated  nickel  or  Monel  reactors  which  havz  been 
well  passivated  with  several  atmospheres  of  F^  at  the  described 
reaction  temperature.  Stainless  steel  reactors  should  be  avoided 
due  to  the  potential  of  metal  'fires.  All  [NF^3  salts  are  moisture 
sensitive  and  must  be  handled  in  a  dry  atmosphere.  They  ate  strong 
oxidizers  and  contact  with  organic  materials  and  fuels  must  be  avoided. 


A  prepassivated  (with  CIF^) ,  single-ended,  95-mL-Monel  cylinder 
(Hoke,  rated  for  5000  psi  working  pressure),  equipped  with  a  Monel 
valve  (Hoke  3232  M4M  ox  equivalent),  is  loaded  in  the  dry  nitrogen 

4- 

atmosphere  of  a  glove  box  with  SbF.,  (31  mmole).  The  cylinder  is 

■527 

connected  to  a  metal  vacuum  system,  evacuated,  vacuum  leak  tested, 
and  charged  with  NF3  (65  mmole)  and  F2  (98  nmole)  by  condensation 
at  -196°.  The  barricaded  cylinder  is  heated  for  five  days  to  250°. 
The  cylinder  is  allowed  to  cool  by  itself  to  ambient  temperature  and 
is  then  cooled  to  -196°.  The  unreacted  F2  and  NF3  are  pumped  off  at 


*Available  from  Hoke  lie.,  One  Tenakill  Park,  Creskill,  NJ  07626 

^Available  from  Ozark-Mahoning ,  1870  South  Boulder,  Tulsa,  OK  74119 

^Available  from  Air  Products  and  Chemicals  Inc.,  Specialty  Gas  Dept., 
Hometown  Facility,  P.0.  Box  351,  Tamaqua,  PA  18252 
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-196  (the  pump  must  be  protected  by  a  fluorine  scrubber  ),  and 

during  the  subsequent  warm-up  of  the  cylinder  to  ambient  tempera¬ 
ture,  [NF^][SbF6]  (10.  Ig,  31  mmole,  100%  yield  based  on  SbF^)  is 
left  behind  as  a  solid  residue.  The  product  is  either  scraped  out 
of  the  cylinder  in  the  dry  box  or,  more  convenience v .  dissolved  in 
anhydrous  HF  which  has  been  dried  over  BiF^.  Small  amounts  of 
NiCSbF^]^  and  CutSbF^^,  formed  as  impurities  by  attack  of  the 
Monel  reactor  by  F2  and  SbF^,  are  only  sparingly  soluble  in  HF 
and  are  removed  from  the  [NF^][SbF^]  solution  by  filtration  using 

a  porous  Teflon  filter  .  If  desired,  the  SbF^  starting  material 

t  ^ 

can  be  replaced  by  SbF^  without  changing  the  remaining  procedure. 
Anal.29  Calcd .  for  [NF,  ][SbF  ]  :NFV  21. 80  ;  Sb ,  37. 38.  Found:  NF,, 

21. 73; Sb , 37.41. 


Properties 


Tetrafluoroanunonium  hexaf luoroant imonate  (V)  is  a  hygroscopic, 
white,  crystalline  solid  which  is  stable  up  to  about  270° . ^ ^ . 

It  is  highly  soluble  in  anhydrous  HF  (259  mg  per  g  of  HF  at  -78°) ^ 
and  moderately  soluble  in  BrF^.  Its  l9F  NMR  spectrum^  in  anhydrous 
HF  solution  consists  of  a  triplet  of  equal  intensity  at  214.7  ppm 
downfield  from  CFCl^  (J^p=231Hz)  for  [NF^]  +  .  The  vibrational 
spectra^  of  the  solid  exhibit  the  following  major  bands  (cm’^) : 
Impressed  AgCl  disk),  1227(mw),  1162(vs)  ,  675(vs),  665(vs),  609(m) 
Ra,  1160(0.6),  1150(0.2),  843(7.0),  665(1),  648(10),  604(3.9), 

56  Q/f>  Q\  A’iTM  T7C  /o  0\ 


Available  from  Pallflex  Products  Corp.,  Kennedy  Drive,  Putnam, 
Conn  06260 

Available  from  Ozark-Mahoning,  1870  South  Boulder,  Tulsa,  OK 
74119 
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B.  TETRAFLUOROAMMONIUM  TETRAFLUOROBORATE  (III) 
NF3  +  F2  +  BF3  .^o  ^NF4J[BFa3 
Procedure 


■  Caution.  Ultraviolet  goggle s  should  be  worn  for  eye  protection 
when  working  with  higher  power  UV- lamps,  and  the  work  should  be 
carried  out  in  a  fume  hood,  NF^BF/(  is  a  strong  oxidizer  and  contact 
with  organic  materials,  fuels  and  moisture  must  be  avoided. 

The  low- temperature  UV-photolysis  reaction  is  carried  out  in  a  quartz 
reactor  with  a  pan-shaped  bottom  and  a  flat  top  consisting  of  a 
7.5-cm  diameter  optical  grade  quartz  window  (see  Figure  1).  The 
vessel  has  a  side  arm  connected  by  a  Teflon  0  ring  joint  to  a 

St  * 

Fischer-Porter  Teflon  valve  to  facilitate  removal  of  solid  reaction 
products.  The  depth  of  the  reactor  is  about  A  cm,  and  its  volume  is 
about  140  mL.  The  UV  source  consists  of  a  900-W,  air-cooled,  high- 
pressure  mercury  arc  (General  Electric  Model  B-H6)  which  is  positioned 
A  cm  above  the  flat  reactor  surface.  The  bottom  of  the  reactor  is 
Kept  cold  by  immersion  in  liquid  N2.  Dry,  gaseous  N2  is  used  as  a 
purge  gas  to  prevent  condensation ' of  atmospheric  moisture  on  the 
flat  top  of  the  reactor.  As  a  heat  shield,  a  6-mm  thick  quartz 
plate  is  positioned  between  the  UV  source  and  the  top  of  the  reactor. 

Premixed  NF^  and  BF^  (27  mmole  of  each)  are  condensed  into  the 
cold  bottom  of  the  quartz  reactor.  Fluorine^  (9  mmole)  is  added, 
and  the  mixture  is  photoxyzed  at  -196°  for  1  hour.  After  tcmi- 

*Available  from  Fischer  <U  'Porter  Co.,  51  Warminster  Rd,  Wanr.irster , 

PA  18974 

* Available  from  Air  Products  and  Chemicals,  Inc.,  Specialty  Gas 
Dept.,  Hometown  Facility,  P.0.  Box  351,  Tamaqua,  PA  18252 

^Available  from  Matheson,  P.0.  Box  85,  932  Paterson  Plank  Rd.: 

East  Rutherford,  NJ  07073 
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nation  of  the  photolysis,  volatile  material  is  pumped  out  of  the 

28 

reactor  (through  a  scrubber  )  during  its  warm-up  to  room  tempera¬ 
ture.  The  nonvolatile  white  solid  residue  (l.Og)  is  pure  [NF^][BF^] 
Instead  of  the  pan-shaped  reactor  a  simple  round  quartz  bulb  can 
be  used  with  a  [NF^] [BF^]  yield  of  about  0.3g/hr.  Anal.29  Calcd. 
for  [NFa][BFa]-.NF3,A0.16;B,6.11.  Found:  NF3 , 40 . 28  ;  B ,  6 .  1 . 

Properties 

Tetraf luoro ammonium  te traf luoroborate  (III)  is  a  hygroscopic,  white, 
crystalline  solid  which  is  stable  up  to  about  150°.  »H»12,30  jt 

is  highly  soluble  in  anhydrous  HF  and  moderately  soluble  in  BrFr. 

19  3 

Its  F  NMR  spectrum  in  anhydrous  HF  solution  consists  of  a  sharp 

triplet  of  equal  intensity  at  220  ppm  downfield  from  CFCl^  (J^p=230Hz) 

for  [NF^]4"  and  an  exchange  broadened  singlet  at  158  ppm  upfield 

from  CFCl^  for  [BF^]~.  The  vibrational  spectra  of  the  solid  exhibit 

the  following  major  bands  (cm--1):  Impressed  AgCl  disk),  1298(ms), 

1222(mw) ,  1162 (vs),  1057(vs) .  609(s)  ,  522(s) ;  Ra ,  1179(0.6), 

11A8(0.6),  1130(0+),  1055(0.2),  884(0+),  844(10),  772(3.2),  609(6.3), 

524(0.4) ,  443(2.6),  350(0.9) . 

C.  TETRAFLUOROAMMONIUM  .(HYDROGEN  DIFLUORIDE) 

[NF4][SbF6]  +  CsF-S^-Cs[SbF6]4  +  [NFa][HF2] 

Procedure 


B  Caution.  Anhydrous  HF  causes  severe  bums  and  protective  clothing 
should  be  worn  wher1.  working  with  this  material.  The  HF  soju :ions 
of  NF^  salts  are  strongly  oxidizing  and  contact  with  fuels  must  oe 
avoi ded . 
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A  mixture  of  dry  CsF*  (2.361g  =  15.54  mmole)  and  [NF^][SbF^] 

(5.096g  =  15.64  mmole)  is  placed  inside  the  drybox  into 

trap  I  of  the  leak-checked  and  passivated  (with  C1F.  and 

13  ^ 

dry  HF  )  Teflon  FEP-Monel  metathesis  apparatus  shown  in 

Figure  2.  The  CsF  is  dried  by  fusion  in  a  platinum  crucible, 

immediately  transferred  to  the  drybox,  cooled  and  finelv  ground.  The 

2 1" 

apparatus  is  attached  to  a  metal-Teflon  vacuum  system  by  two 
flexible,  corrugated  Teflon  tubes^  and  the  connections  are 
vacuum  leak-checked  and  passivated.  The  system  is  repeatedly 
exposed  to  anhydrous  HF  ,  until  the  HF  is  colorless  when  frozen 
out  at  -196°  in  a  Teflon  U-trap  of  the  vacuum  system  to  avoid 
contamination  of  the  product  with  any  chlorine- fluorides  which 
may  be  adsorbed  onto  the  walls  of  the  metal  vacuum  system. 

Anhydrous  HF  (16. 2g  =  810  mmole)  is  added  to  trap  I  and  the 
mixture  is  magnetically  stirred  for  1  hour  at  room  temperature. 

The  metathesis  apparatus  is  cooled  with  powdered  dry  ice  to  -78° 
for  1  hour,  and  then  inverted.  The  HF  solution  which  contains 
the  [NF^][HF2]  is  separated  from  the  Cs[SbF6]  precipitate  by 
filtration.  To  facilitate  the  filtration  step,  trap  I  is 
pressurized  with  L  atm  of  dry  N2  after  inversion.  A  pressure 
drop  in  trap  I  indicates  the  completion  of  the  filtration  step. 

If  desired,  repressurization  of  trap  I  may  be  repeated  to 
minimize  the  amount  of  mother  liquor  held  up  in  the  filter  cake. 

The  desired  HF  solution  of  [NF^][HF2]  is  collected  in  trap  II. 

It  contains  about  947„  of  the  original  [NF^]+  values,  with  the 
remainder  being  adsorbed  on  the  Cs[SbFA]  filter  cake.  The  [NF^][HF2] 

★ 

Available  from  Kawecki  Bervlco  Industries,  Inc.,  220  E.  42nd 
Street,  New  York,  NY  10017 

+ Available  from  Penntube  Plastics  Co.,  Madison  Ave  and  Holley  St., 
Clifton  Heights,  PA  19018 

^Available  from  Matheson,  P.O.  Box  85,  932  Paterson  Plank  Road, 

East  Rutherford,  NJ  07073 
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solution  has  a  purity  of  about  97  mole  %  and  contains  small  amounts 
of  Cs [SbF^]  (solubility  of  Cs[SbF^]  in  HF  at  -78°  is  1.8  mg/gHF)^ 
and  [NF^][SbF^]  (if  a  slight  excess  of  [NF^][SbF^]  has  been  used 
in  the  reaction  to  suppress,  by  the  commcr  ion  effect,  the  amount 
of  dissolved  Cs[SbF^]). 

An  unstable  solid  having  the  composition  lNF^] [HF2 ‘nhFj (n=2- 10) 
can  be  prepared  by  pumping  off  as  much  HF  as  possible  below  0°. 

Propert ies 

Tetraf luoro ammonium  (hydrogen  difluoride)  is  stable  in  HF  solution 

at  room  temperature,  but  decomposes  to  NF^,  F0  and  HF  on  complete 

15  19  J  1 

removal  of  the  solvent.  The  F  NMR  spectrum  of  the  solution 
shows  a  triplet  of  equal  intensity  of  216.2  ppm  downfield  from 
CFCl^  with  JNp=230Hz.  The  Raman  spectrum  of  the  HF  solution  shows 
bands  at  1170(w),  854(vs),  612(m)  and  448(mw)  cm”1. 

D.  BIS (TETRAFLUOROAMMONIUM)  HEXAFLUOROMANGANATE (IV) 

2[NF4][SbF&]  +  Cs2[MnF&]  HF-  —  2Cs[SbF6]  +  [NF^] 2[MnF6] 

Procedure 


■  Caution.  Anhydrous  HF  can  cause  severe  burns  and  protective 
clothing  should  be  worn  when  working  wii_h  this  solvent.  [NF^jq 
[MnF^]  is  a  strong  oxidizer  and  contact  with  water  and  fuels 
must  be  avoided. 


The  same  apparatus  is  used  as  for  procedure  C.  In  the  dry 
atmosphere  of  a  glovebox,  a  mixture  of  [NF^] [SbF^] (37 . 29  mmole) 
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and  Cs2[MnF^]  (18.53  mmole)  is  placed  in  the  bottom  of  a  pre- 

passivated  (with  ClFo)  Teflon  FEP  (f luoro-ethvlene -propvler.e 

copolymer)  double  U-tube  metathesis  appaiatus.  Dry  HF 

o  2  7 

(20  mL  of  liquid)  is  added  at  -78°  on  the  vacuum  line,  and 
the  mixture  is  warmed  to  25°  for  30  minutes  with  stirring.  The 
mixture  is  cooled  to  -78°  and  pressure  filtered  at  this  temperature. 
The  HF  solvent  is  pumped  off  at  30°  for  12  hours  resulting  in  14g 
of  a  white  filter  cake  (mainly  CsfSbF^])  and  6 . lg  of  a  yellow 
filtrate  residue  having  the  approximate  composition  (weight  %) : 
[NF4]2[MnF6],92;[NF4][SbF6],A;Cs[SbF6],4.  Yield  of  [NF4]2  [MnF6> 
87%  based  on  Cs^MnF^]. 

Properties 

Bis ( tetraf luoro ammonium)  hexafluoromanganate (IV)  is  a  yellow, 
crystalline  solid  which  is  stable  at  65°,  but  slowly  decomposes 
at  100°  to  NF^,  ?2  and  MnF^.^  It  is  highly  soluble  in  anhydrous 
HF  and  reacts  violently  with  water.  Its  ^F  NMR  spectrum  in 
anhydrous  HF  solution  shows  a  broad  resonance  at  218  ppm  below 
CFCl^  due  to  [NF^]  .  The  vibrational  spectra  of  the  solid  show 
the  following  major  bands  (cm-*):  Impressed  AgCl  disk),  122l(mw), 
1160(vs),  620 (vs) ,  338(s);  Ra,  855(m),  593(vs),  505(m) ,  450(w), 

304( s) . 

E.  BIS (TETRAFLUORO AMMONIUM)  HEXAFLUOROSILICATE (IV) 

2[NF4][HF2-nHF]  +  SiF^  - ►  [NF^]  2  [SiF6  ]  +  2(n+l)hF 

Procedure 

■  Caution.  Anhydrous  HF  can  cause  severe  bums  and  protective 
clothing  should  be  worn  when  working  with  liquid  HF.  All  [NF^]* 

H- 1  0 
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salts  are  strong  oxidizers  and  contact  with  fuels  and  water  must 
be  avoided. 


A  solution  of  [NF^] [HF2] (27  mmole)  in  anhydrous  HF^  is  prepared 
at  -78°  by  procedure  C.  Most  of  the  HF  solvent  is  pumped  off 
during  warm-up  towards  0°  until  the  first  signs  of  decomposition 

of  [NF,][HF~]  are  noted  from  the  onset  of  gas  evolution.  The 

/*\ 

resulting  residue  is  cooled  to  -196  and  SiF^  (3d  mmole)  is 
added.  The  mixture  is  allowed  to  warm  to  ambient  temperature 
while  providing  a  volume  uf  about  1L  in  the  vacuum  line  for 
expansion.  During  warm-up  of  the  apparatus,  the  SiF^  evaporates 
first  and,  upon  melting  of  the  [NF^] [HF^ *  nKF]  phase,  a  significant 
reduction  in  the  SiF^  pressure  is  noted,  resulting  in  a  final 
pressure  of  about  400  torr.  A  clear  colorless  solution  is  obtained 
without  any  sign  of  solid  formation.  The  material  volatile  at  0° 
is  pumped  off,  and  separated  by  fractional  condensation  through 
-126°  and  -196°  traps.  The  SiF^  portion  (about  22  mmole),  trapped 
at  -196°,  is  condensed  back  into  the  reactor  which  contains  a 
white  fluffy  solid.  After  this  mixture  has  been  kept  at  25°  for 
24  hours,  all  volatile  material  is  pumped  off  at  25°  and  the  SiF^ 
is  separated  again  from  the  HF.  The  solid  residue  is  treated 
again  with  the  unreacted  SiF^  at  25°  for  14  hours.  The  materials 
volatile  at  25°  are  pumped  off  again.  They  contain  at  this  point 
less  than  1  mmole  of  HF.  The  solid  residue  is  heated  in  a  dynamic 
vacuum  to  50°  for  28  hours  until  no  further  HF  evolution  is  noticeable. 

The  white  solid  residue  (;*bout  3.8g  =  80%  yield)  has  the  approximate 
composition  (weight  %) :  [NF4]2 [SiF6 ] (95 . 0) , Cs [SbF6 ] ( 2 . 2) , [NFj [SbFfi ] ( 2 . 3) . 

Properties 

Bis (tetraf luoro ammonium)  hexaf luorosilicate(IV)  is  a  white 

*Available  from  Matheson,  P.0.  Box  85,  932  Paterson  Plank  Road, 

East  Rutherford,  NJ  07073 
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crystalline  solid  which  is  stable  at  25°,  but  slowly  decomposes 
at  90°  to  NF^,  F.  and  SiF^.^  The  vibrational  spectra  of  the 
solid  show  the  following  major  bands  (cm-^)  :  Impressed  AgCl 
disk),  1223(mw),  1165(vs),  735(vs,br),  6l4(m),  609(mw),  478(s), 
448 (w ) ;  Ra,  1164(1.5),  895(0+),  885(0+).  859(10),  649(3.2), 
611(5.8) ,  447,441(3.8) ,  398(1). 

F.  TET RAF LOOROAMMON I LM  FENTAFLuOROOXOTbNGS i' ATE  (VI) 


[NF4][HF2]  +  W0F4 - ii£-^[NF4][WOF5]  +  HF 


Procedure 


■  Caution.  Anhydrous  HF  can  cause  severe  bums  and  protective 
clothing  should  be  worn  when  working  with  liquid  HF.  All  [NF,]~*~ 
salts  are  strong  oxidizers  and  contact  with  fuels  and  water 
should  be  avoided. 


A  solution  of  20  mmole  of  [ NF^]  C HF 2 3  in  16  mL  of  dry  HF^  is 

prepared  at  -78°  by  procedure  C  and  pressure  filtered  into  the 

second  half  of  the  metathesis  double  U-tube  containing  14,6 
31 

mmole  of  WOF^.  The  mixture  is  stirred  with  a  magnetic  stirring 
bar  for  30  min  at  25°.  The  volatile  material  is  pumped  off  at  25° 
for  12  hours.  The  solid  residue  (about  5g  =  86%  yield  based  on 
WOF^)  has  the  approximate  composition  (weight  °L)  ;  [NF^l  [WOF- ]  (96)  , 
Cs[SbF6]  (2),  [NF4][SbF6]  (2). 

Properties 


Tetraf luoro ammonium  pentaf luoroxotungstate  (VI)  is  a  white,  crystalline 
solid  which  is  stable  at  55°,  but  slowly  decomposes  at  85°  to  yield 
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NF^,  or2,  WF^  and  [NF^] [W202Fq] . 25  The  vibrational  spectra  of 
the  solid  show  the  following  major  bands  (cm’1):  Impressed  AgCl 
disk),  1221 (mw) ,  1160(vs),  991(vs).  688(vs),  620(vs,br),  515 (vs) ; 
Ra,  1165(0.7),  996(10),  852(8.4),  690(5.4),  613(4.9),  446(1.6), 
329(6.8),  285(0.5). 
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APPENDIX  1 


CESIUM  HEXAFLUOROMANGANATE  (IV) 

2CsF  +  MnCl2  +  7F2  - Cs2MnF6  +  2clF5 

Submitted  by  WILLIAM  W.  WILSON*  and  KARL  0.  CHRISTE* 
Checked  by 


Several  methods  have  been  described  in  the  literature  for  the 
syntheses  of  alkali  metal  hexaf luoromanganates  (IV) .  The 
reactions  of  K2Mn04^,  Mn02  and  KF  mixtures,  or  KMnO^  and  30% 

H202^  with  aqueous  HF  produce  K2MnF^ ,  however, the  yields  and 
product  purities  are  low.  Pure  alkali  metal  hexaf luoromanganates 
(IV)  were  obtained  in  high  yield  by  the  fluorinaticn  with  F2  in  a 
flow  system  of  either  MnCl2  +  2MC1  at  375  to  400°C,3,4  MnF3  +  2KF 
in  a  rotating  Al203  tube  at  600°C,^  or  MnCl2  +  2KC1  at  280°C,^  or 
by  the  fluorinaticn  of  a  KMnO^-KCl  mixture  with  BrF^ . ^  The 
method  described  below  is  based  on  the  fluorination  of  a  stoichio¬ 
metric  mixture  of  CsF  and  MnCl2  in  a  static  system  at  400°C.® 

Hexafluoromanganate  (IV)  salts  have  interesting  spectroscopic 
9  10 

properties,  '  and  Cs9MnF,  is  a  starting  material  for  the 

ZD  11 

metathetical  synthesis  of  (NF^^MnF^. 

Procedure 


■  Caution.  Safety  barricades  must  be  used  for  carrying  out  high 
pressure  fluorination  reactions.  The  C1F^-C1F^  byproducts  are 
strong  oxidizers  and  contact  with  fuel,  water  or  reducing  agents 
must  be  avoided. 


*Rocket dyne ,  A  Division  of  Rockwell  International  Corp. , 
Canoga  Park,  CA  91304 
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Commercially  available  MnCl2*4H20*  is  dehydrated  by  heating  in  a 
Pyrex  flask  to  255°C  in  vacuo  (10'^*  torr)  for  24  hours.  Commer¬ 
cially  available  CsF^  is  dried  by  fusion  in  a  platinum  crucible 
and  immediately  transferred  to  the  drybox. 

A  mixture  of  finely  ground  dry  CsF  (7.717g,  50.80  mmol)  and  MnCl2 
(3.150g,  25.40  mmol)  is  placed  inside  the  drybox  into  a  pre¬ 
passivated  (with  CIF^)  95mL  high  p:* assure  Monel  cylinder  (Hoke 
Model  4HSM,  rated  for  50C0  psi  working  pressure)  equipped  with 
a  Monel  valve  (Hoke,  Model  3212M4M) .  The  cylinder  is  attached  to  a 
metal-Teflon  vacuum  system,  L  evacuated,  and  cooled  to  -196°C  with 
liquid  N2>  Fluorine^  (262  mmol)  is  condensed  into  the  cylinder. 

The  cylinder  is  disconnected  from  the  vacuum  line,  heated  in  an 
oven  to  400°C  for  36  hours,  and  then  cooled  again  to  -196°C  on  the 
vacuum  line.  Unreacted  F2  is  pumped  off  at  -196°C  through  a  fluorine 
scrubber, ^  and  the  C1F^-C1F^  "by-products  are  pumped  off  during  the 
warm-up  of  the  cylinder  towards  room  temperature.  The  yellow  solid 
residue  (11.045g,  100%  yield)  is  pure  Cs2MnF^.  Anal.  Calcd.  for 
Cs2MnF6:  Cs,  61.14;  Mn ,  12.63.  Found:  Cs ,  61.2;  Mn,  12.5. 

Properties 

Cesium  hexafluoromanganate  (IV)  is  a  stable  yellow  solid  which 
decomposes  only  slowly  in  moist  air.  The  infrared  spectrum  of  the 
solid  as  a  dry  powder  pressed  between  AgCl  plates  shows  the  following 
major  absorptions;  620,  vs  (antisymmetric  sUelch);  338  cm"1,  s 
(antisymmetric  deformation).  The  Raman  spectrum  of  the  solid  shows 

bands  at  590  vs  (symmetric  in  phase  stretch),  502  m  (symmetric  out 

-1  8 
of  phase  stretch) ,  and  304  cm'  ,  s  (symmetric  deformation) . 

According  to  ref.  4,  Cs2MnF^  crystallizes  at  room  temperature  in  the 

cubic  K2PtCl6  system  with  a  *  8.92A. 

Available  from  Alfa  Products,  Thiokol/ Ventron  Divn.,  P.O.  Box  299, 
152  Andover  Street,  Danvers,  MA  01923 

Available  from  Kawecki  Bervlco  Industries,  Inc.,  220  E.  42nd  Street, 
New  York,  NY  10017 

^Available  from  Air  Products  and  Chemicals  Inc.,  Specialty  Gas  Dept., 
Hometown  Facility,  P.O.  Box  351,  Tamaqua,  PA  18252 
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tungsten  oxide  tetrafluoride 


2WF6  +  Si02  —  F  2WOF4  +  SiF4 

Submitted  by  WILLIAM  W.  WILSON*  and  KARL  0.  CHRISTE* 

Checked  by 

Tungsten  oxide  tetrafluoride  can  be  prepared  by  numerous  methods, 
such  as  the  fluorination  of  WO^  at  300°C,^  slow  hydrolysis  of 
WF^ ,  the  direct  fluorination  of  W  in  the  presence  of  02  at  300°C, 

the  reaction  of  WF,  with  WO,  at  400°C,/*  the  reaction  of  WOCl,  with 

5  6  ^  ^  6^* 

HF,  ’  or  by  oxygen- fluorine  exchange  between  WF^  and  B20^.  The 

method  given  below  is  a  modification  of  the  method  of  Paine  and 

McDowell  which  uses  stoichiometric  amounts  of  Si02  and  WF^  in 

anhydrous  HF  for  the  controlled  hydrolysis  of  WF, In  our 

7  0 

experience,  the  use  of  stoichiometric  amounts  of  Si02  and  WF^ 

leads  to  the  formation  of  sonn  H30+W0F^"  and  H30+W202F9_  as 

by-products  which  are  difficult  to  separate  from  WOF^.  This 

problem  can  however  be  avoided  by  the  use  of  an  excess  of 

WF^.  Tungsten  oxide  tetrafluoride  is  a  starting  material  for 

the  syntheses  of  numerous  WOF^"  salts. 

Procedure 


■  Caution.  Anhydrous  HF  causes  severe  burns  and  protective 
clothing  and  safety  glasses  should  be  worn  when  working  with 
liquid  HF. 


Quartz  wool ' (1 .0482g,  17 . 445mmol)  is  placed  into  a  3/4  inch  o.d. 
Teflon  FEP  (fluorc -ethylene- propylene  copolymer)  ampule  equipped 


Rocketdyne,  a  Division  of  Rockwell  International  Corp . , 
Canoga  Park,  CA  91304 

Available  from  Preiser  Scientific,  1500  Algonquin  Parkway, 
Louisville,  KY  40201 
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wich  a  Teflon  coated  magnetic  stirring  bar  and  a  stainless  steel 

Q 

valve.  The  ampule  is  connected  to  a  metal-Teflon  vacuum  system, 
evacuated,  and  dry^  HF  ( 1 9g)  and  WF^  (22.102g,  74.207  mmol)  are 
condensed  into  the  ampule  at  -196°C.  The  contents  of  the  ampule 
are  allowed  to  warm  to  room  temperature  and  are  kept  at  this 
temperai-ure  for  15  hours  with  stirring.  All  material  volatile  at 
room  temperature  is  pumped  off  (vacuum  of  10~^  torr)  for  12  hours 
leaving  behind  9.7226g  of  a  white  solid  (weight  calcd  for  34.89 
mmol  WOF^  9.6244g).  This  crude  product  usually  still  contains  some 
(infrared  spectrum  of  the  solid  pressed  as  a  AgCl  disk 
3340,  3100,  1625,  1040,  1030,  908  cm  and  can  be  purified  by 
vacuum  (10~^  torr)  sublimation  in  an  ice  water  cooled  Pvrex 
sublimator  at  55°C  resulting  in  4.245g  of  sublimate.  The  purity 
of  the  sublimate  is  verified  by  vibrational  spectroscopy  of  the 
solid  (infrared  spectrum  as  a  AgCl  disk:  1054vs,  733s,  666vs, 

550vs  ,  cm-*1.  Raman:  1058(10)  ,’  740(1 .9) ,  727(6.3),  704(0+), 

668(0+),  661(0.9),  559(0+),  518(0.7),  325sh,  315sh,  311(5), 

260(0+),  238(0.7),  212(0.5),  185(0+)  cm"1.10 

Anal.  Calcd.  for  WOF^ :  W,  66 . 65 i  F,  27.55.  Found:  W,  66.5;  F.27.7. 
Properties 

Tungsten  oxide  tet raf luoride  is  a  white  hygroscopic  solid  (mp  104.7 
at  33  mbar,  bp  185. 9°C)  which  can  readily  be  sublimed.  It  is 

soluble  in  HF,  propylene  carbonate,  CHCl^,and  absolute  alcohol. 

19  J 

The  F  NMR  spectrum  in  propylene  carbonate  solution  consists  of 

a  singlet  at  65.2  ppm  dovnfield  from  external  CFC1-*  with  two 

11  J 

satellites  with  J^p  =  69  Hz. 

Available  from  Matheson,  P.0.  Box  85,  932  Paterson  Plank  Road, 

East  Rutherford,  NJ  07043 

^Available  from  Alfa  Products,  Thiokol / Ventron  Divn. ,  P.0.  Box  299, 
152  Andover  Street,  Danvers,  MA  01923 
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Coordinatively  Saturated  Fluoro  Cations. 

Oxidative  Fluorination  Reactions  with  KrF^  Salts  and  PtF^ 

Karl  0.  Christe*.  William  W.  Wilson,  and  Richard  D.  Wilson 

Received  August  24,  1983 

Abstract 

The  usefulness  of  KrF+  salts  and  PtF^  as  oxidative  fluorinators 
for  the  syntheses  of  the  coordinatively  saturated  complex  fluoro 
cations  NF^+,  C1F^+,  and  BrF^+  was  studied.  The  syntheses  of 
NF^SbF, ,  NF^AsF^,  NF^BF^,  and  NF^TiF^ -nTiF^  from  KrF2» Lewis  acid 
adducts  and  NF-,  were  investigated  under  different  reaction  con- 

^  4. 

ditions.  The  fluorination  of  NF^  by  KrF  SbF^  in  HF  solution  was 
found  to  proceed  quantitatively  at  temperatures  as  low  as  -31°C, 
indicating  an  ionic  two  electron  oxidation  mechanism.  An  improved 
synthesis  of  KrF+MF^~ (M=As, Sb) ,  Raman  data  and  solubilities  in  HF, 
and  the  existence  of  a  Kr2F3+‘nKrF2BF4”  adduct  in  HF  at  -40°C  are 
reported.  Attempts  to  fluorinate  0F2,  CF -  HF 2 ,  and  ClF^O  with 
KrF+  salts  were  unsuccessful.  Whereas  KrF+  is  capable  of  oxidizing 
NF^,  CIF^ ,  and  BrF^  to  the  corresponding  complex  fluoro  cations, 
PtF^  was  shown  to  be  capable  of  oxidizing  only  NF^  and  CIF^.  Since 
the  yield  and  purity  of  the  NF^+  f luoroplatinate  salts  obtained  in 
this  manner  was  low,  NF^PtF^  was  also  prepared  from  NF^,  F2  and 
PtF^  at  elevated  temperature  and  pressure.  General  aspects  of 
the  formation  mechanisms  of  coordinatively  saturated  complex 
fluorocations  are  discussed  briefly. 

Introduction 


The  preparation  of  coordinatively  saturated  complex  fluoro 
cations  presents  a  great  challenge  to  the  synthetic  chemist.  The 
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nonexistence  of  the  corresponding  parent  molecules  preempts  the 
normally  facile  cation  formation  by  a  simple  F~  abstraction 
from  a  parent  molecule,  and  an  F+  addition  to  a  lower  fluoride 
is  ruled  out  by  the  fact  that  fluorine  is  the  most  electronegative 
element  and  therefore  F+  cannot  be  generated  by  chemical  means. * 

In  view  of  these  difficulties  it  is  not  surprising  that  at  the 
present  time  only  three  coordinatively  saturated  fluoro  cations, 
NF^+,^'^  C1F^+,^’^  and  BrF^+,^  are  known  to  exist.  In  addition 
to  their  challenge  to  the  synthetic  chemist,  the  formation  mechanism 
of  these  cations  represents  an  intriguing  and  yet  unsolved  puzzle.^ 

These  problems  were  complicated  by  the  facts  that  each  of  the 

three  known  coordinatively  saturated  fluoro  cations  had  been 
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prepared  by  a  different  method,  ”  and  that  these  methods  could 
not  readily  be  transferred  from  one  cation  to  another.  .The 
purpose  of  this  study  was  to  examine  whether  the  synthesis  of  each 
coordinatively  saturated  fluoro  cation  is  indeed  limited  to  a 
specific  method  and  whether  these  methods  possess  any  commonalties. 

Experimental 


Apparatus .  Volatile  materials  used  in  this  work  were  handled  in 

a  stainless  Steel-Teflon  FEP  vacuum  line.  The  line  and  other 

hardware  used  were  well  passivated  with  ClF^  and,  if  HF  was  to 

be  used,  with  HF.  Nonvolatile  materials  were  handled  in  the 

dry  nitrogen  atmosphere  of  a  glovebox.  Metathetical  reactions 

and  solubility  measurements  were  carried  out  in  HF  solution 

using  an  apparatus  consisting  of  two  FEP  U-traps  interconnected 

8 

through  a  coupling  containing  a  porous  Teflon  filter. 

Infrared  spectra  were  recorded  in  the  range  4000-200  cnf  ^  on  a 
Perkin-Elmer  Model  283  spectrophotometer.  Spectra  of  solids 
were  obtained  by  using  dry  powders  pressed  between  AgCl  windows 
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in  an  Econo  press  (Barnes  Engineering  Company) .  Spectra  of  gases 
were  obtained  by  using  a  Teflon  cell  of  5  cm  path  length  equipped 
with  AgCl  windows. 


Raman  spectra  wgre  recorded  on  a  Cary  Model  83  spectrophotometer 

using  the  4880-A  exciting  line  of  an  Ar-ion  laser  and  Claassen 
o 

filter  for  the  elimination  of  plasma  lines.  Sealed  glass, 

Teflon  FEP,  or  Kel-F  tubes  were  used  as  sample  containers  in  the 
transverse-viewing  transverse-excitation  mode .  Lines  due  to  the 
Teflon  or  Kel-F  sample  tubes  were  suppressed  by  the  use  of  a 
metal  mask. 

Materials .  Literature  methods  were  used  for  the  preparation  of 
PtF6,10  KrF2,U  CF3NF2,12  CIF3O,13  C1F5,14  and  FNO15  and  for  the 
drying  of  HF.^  Nitrogen  trifluoride  (Rocketdyne) ,  F2  (Air 
Products) ,  0F2  (Allied  Chemical) ,  BrF^  and  BF3  (Matheson) ,  and 
AsF5,  SbF^  and  TiF^  (Ozark  Mahoning)  were  commercially  available. 
Their  purity  was  checked  by  vibrational  spectroscopy  prior  to 
use,  and  where  necessary,  improved  by  fractional  condensation 
or  distillation. 


Preparation  of  KrFSbF^.  Antimony  pentafluoride  (21.7  mmol)  was 
syringed  in  the  drybox  into  a  prepassivated  Teflon- FEP  U-tube 
equipped  with  two  stainless  steel  valves.  The  tube  was  connected 
to  the  vacuum  line  and  dry  HF  (5  ml  of  liquid)  was  distilled  into 
the  tube.  The  HF  and  SbF^  were  allowed  to  homogenize  at  ambient 
temperature,  and  a  preweighed  amount  of  KrF2  (22.9  nmol)  was 
transferred  in  a  dynamic  vacuum  into  the  U-tube  at  -196°C.  The 
mixture  was  warmed  towards  room  temperature  until  a  slight  effer¬ 
vescence  was  noted.  At  this  point  the  tube  was  cooled  again,  and 
the  warm  up  procedure  was  repeated.  After  a  total  of  three  warm 
up  cycles,  all  volatile  material  was  pumped  off  at  -22°C  leaving 
behind  pure  KrFSbF^  (21.5  mmol  *  99%  yield  based  on  SbF^) . 

K-3 


KrFAsF^  was  prepared  in  an  analogous  manner,  except  for  loading 
the  AsF^  into  the  tube  on  the  vacuum  line. 

Reaction  of  NF3  with  KrFp  and  AsFg.  A  prepassivated  (with  ClF^) 

10  ml  stainless  steel  Hoke  cylinder  equipped  with  a  1/8"  Whitey 
stainless  steel  valve  was  loaded  on  the  vacuum  line  at  -196°C 
with  KrF2  (6.15  mmol),  AsF^  (3.07  mmol)  and  NF^  (21.9  mmol). 

The  cylinder  was  placed  in  a  liquid  ^-dry  ice  slush  bath  and 
allowed  to  warm  slowly  to  room  temperature  over  a  30  hr  time 
period  and  then  was  kept  in  an  oven  at  53°C  for  4  days.  The  cylinder 
was  cooled  to  -210°C  (N2  slush  bath,  prepared  by  pumping  on  liquid 
N2)  and  the  volatile  products  were  separated  during  warm  up  of  the 
cylinder  by  fractional  condensation  through  traps  kept  at  -156°C 
(nothing)  and  -210°C  (24.9  mmol  of  NF^  and  Kr) .  The  white  solid 
residue  (827.6  mg  =  2.97  mmol)  was  identified  by  infrared  and  Raman 
spectroscopy  as  pure  NF^AsF^17  (96 . 7%  yield  based  on  AsF^)  . 

Reaction  of  NF^  with  KrFp  and  BFy  The  reaction  was  carried  out 
as  described  above  for  the  corresponding  As F^  system,  except  for 
a  40%  reduction  in  the  amount  of  starting  materials  used.  The 
yield  of  solid  NF^BF^  was  30.6%  based  on  BF^. 

Reaction  of  Solid  KrFSbF^  with  NF^.  KrFSbF^  (2.42  mmol)  was 
added  in  the  drybox  to  a  prepassivated  Teflon  PFA  U-tube  (59  ml 
volume)  equipped  with  Teflon  PFA  valve(s) .  The  tube  was  connected 
to  the  vacuum  line  and  NF^  (2.43  mmol)  was  added  at  -196°C.  After 
3  hr  at  22°C,  the  volatile  products  were  removed.  Analyses  of 
the  volatile  material  and  of  the  solid  residue  showed  that  12.7 
percent  of  the  KrFSbF^  had  been  converted  to  an  NF^+  salt. 

When  the  reaction  was  repeated  with  2.32  mmol  of  KrFSbF^  and  6.84 
nmol  of  NF^  at  30°C  for  3.5  hr,  the  conversion  of  KrFSbF^  to  NF^+ 
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salts  was  43.8  percent.  An  additional  treatment  of  the  solid 

mixture  of  NF,+  salts  and  unreacted  KrFSbF,  with  more  NF0  for 
o  4  o  3 , 

4  hr  at  30  C  resulted  in  little  further  conversion  to  NF^ 

salts.  Vibrational  spectra  of  the  white  solid  product  showed 

the  presence  of  the  NF4+,17  KrF+,18  SbF6‘,19  and  Sb2Fu',17  ions. 

Reactions  of  KrFSbF^  with  NF^  in  HF  Solution.  General  procedure : 
KrFSbF^  (v3  mmol)  was  weighed  in  the  drybox  into  a  prepassivated 
0.5  in  o.d.  Teflon  PFA  U-tube  (58  ml  volume)  equipped  with  two 
Teflon  PFA  valves.  The  tube  was  connected  to  the  vacuum  line, 
and  anhydrous  HF  (vl.25g)  and  NF^  were  added  at  -196°C.  The 
contents  of  the  tube  were  warmed  for  a  specified  time  period  to 
the  desired  reaction  temperature.  The  reaction  was  stopped  by 
quickly  pumping  off  the  NF^,  followed  by  removal  of  the  HF  solvent. 
The  material  balances  were  obtained  by  separating  the  volatile 
products  via  fractional  condensation  through  traps  kept  at  -126° 
and  -210°C,  PVT  measurements  and  infrared  analysis  of  each 
fraction,  and  by  the  weight  change  of  the  solid  phase  and  its 
Raman  and  infrared  spectra  which  were  compared  against  mixtures 
of  known  composition.  When  stoichiometric  amounts  of  KrFSbF^ 
and  NF^  were  used,  the  NF^  was  condensed  into  the  U-tube  and 
the  valves  were  closed.  When  a  large  excess  of  NF^  was  used, 
the  NF^  pressure  was  kept  constant  at  1000  mm  by  the  use  of  a 
large  ballast  volume  and  a  pressure  regulator.  The  results  of 
these  reactions  are  summarized  in  Table  1. 

Reaction  of  PtF^  with  NF^  in  HF.  A  prepassivated  Teflon  FEP 
U-trap  (119  ml  volume)  was  loaded  at  -196°C  with  HF  (5  ml  liquid) 
and  equimolar  amounts  (4.88  mmol  each)  of  PtF^,  NF^  and  F ^  •  The 
contents  of  the  trap  were  kept  at  25°C  for  14  hr.  All  volatile 
material  was  pumped  off  at  25°C  leaving  behind  828  mg  of  a  dark 
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red  tacky  solid  which  based  on  its  infrared  spectrum  was  an  NF,+ 

-1  -  4 
salt  (1158  cm  ,vs,v^(F2))  of  PtF^  and/or  a  fluoroplatinate 

polyanion  (665vs,625s,560vs) .  Attempts  were  unsuccessful  to 

purify  the  sample  by  extraction  with  anhydrous  HF. 

UV- Photolysis  of  NF^-PtFft.  A  prepassivated  0.5  in  o.d.  sapphire 
reactor^-  (26  ml  volume)  was  loaded  at  -196°C  with  PtF^  (1.22  mmol) 
and  NF^  (1.31  mmol).  The  mixture  was  irradiated  for  2  days  at 
ambient  temperature  with  a  Hanovia  Model  616A  high-pressure  quartz 
mercury  vapor  arc  lamp.  All  volatile  material  was  pumped  off  at 
25°C,  leaving  behind  a  red-brown  solid  (116  mg)  which  based  on  its 
infrared  spectrum  contained  the  NF^+  cation  (2000w, v^+v^(F2) ; 

1218mw,  2v^(A^+E+F2)  ;  1159vs  , ^^2)  ;  607m,  ^^2)  )  and  a  fluoro¬ 
platinate  polyanion  (690vs;  659vs ;  63os;  535vs,br). 

Synthesis  of  NF^PtF^.  Into  a  prepassivated  Monel  cylinder  (100  ml 
volume)  PtF^  (2.22  mmjl) ,  NF^  (211.8  mmol),  and  F2  (216.7  mmol) 
were  loaded  at  -196°C.  The  cylinder  was  heated  to  125°C  for  7  days, 
followed  by  removal  of  all  material  volatile  at  25°C.  The  residue 
consisted  of  802  mg  of  a  dark  red  solid  (weight  calcd  for  2.22 

mmol  of  NF/PtF^.  -  884  mg)  which  based  on  its  infrared  and  Raman 

15  17  70  + 

spectra  consisted  mainly  of  NF^PtF^.  '  ’  IR:  NF^  , 

2305vw,2v3i  1995w,v^+v^;  1758vw, 1452w,v^+v^;  1220mw,2v^; 

1180sh, 1158vs , 1145sh,v^;  1049w,V2+v^;  606m, v^;  PtF^  ,1320,1300, 

1280w,v^+v^;  1220V2+V3;  675sh,650vs,  625sh,v^;  570s,tr,V2,*  Ra : 

NF^+, 850mw, ;  PtF^~ , 641vs , ;  580mw,V2;  239m, 194w,Vg. 

Reaction  of  PtF^  with  ClF^  in  HF.  A  prepassivated  0.75  in  o.d. 
Teflon  FEP  ampule  (49  ml  volume)  was  loaded  at  -196°C  with  PtF^ 

(2.10  mmol),  HF  (2  ml  liquid),  and  ClF^  (4.20  mmol).  The  mixture 
was  allowed  to  slowly  warm  to  ambient  temperature  in  an  empty 
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cold  dewar.  After  keeping  the  ampule  for  2  days  at  ambient 
temperature,  the  brown  PtF^  color  had  disappeared.  The  volatile 
material  was  removed  in  vacuo  at  room  temperature  and  separated 
by  fractional  condensation.  It  consisted  of  the  HF  solvent  and 
ClF^  (2.1  mmol).  The  orange-yellow  solid  residue  (0.91g)  was 
shown  by  infrared  and  Raman  spectroscopy  to  be  an  about  equimolar 
mixture  of  ClF^PtF^  and  ClF^PtF^^  (weight  calcd  for  a  mixture  of 
1.05  mmol  ClF4PtF6  and  1.05  mmol  ClF6PtF6  «  0.923g). 

When  the  reaction  was  repeated  under  the  same  conditions,  except 
for  using  BrF^  in  place  of  C1F,.,  no  evidence  for  the  formation 
of  a  stable  BrF^*  salt  was  obtained. 

Results 


Syntheses  and  Some  Properties  of  KrF^* Lewis  Acid  Adducts.  Although 

the  synthesis  of  KrF  MF6* (M=As ,Sb)  salts  is  well  known^  ’  ^  21 ,2^ 

the  reported  direct  combination  of  KrF2  with  the  Lewis  acids  can 

result  in  a  spontaneous  exothermic  decomposition  of  KrF9  accompanied 

18  ^ 

by  a  bright  flash  and  gas  evolution.  In  this  study  this  problem 
was  avoided  by  dissolving  the  Lewis  acid  in  a  large  excess  of 
anhydrous  HF,  before  adding  a  stoichiometric  amount  of  KrF2.  This 
procedure  resulted  in  an  easily  controllable,  scalable  and  quanti¬ 
tative  synthesis  of  the  desired  KrF2rLewis  acid  adducts. 

Since  the  Raman  spectra  of  solid  KrF+MF^  salts  show  many  more  bands 
than  expected  for  an  isolated  diatomic  cation  and  an  octahedral 
anion,  we  have  recorded  the  Raman  spectrum  of  KrF  SbF^  in  HF 
solution  at  -5°C.  The  total  number  of  bands  was  reduced  to  four, 
as  expected  for  a  diatomic  KrF+  (610  cm-'*')  and  octahedral  SbF^ 

(vn (A,  ) ^656, v? (E  )“576, vs(F9  )=278  cm  *") ,  thus  confirming  that  the 

X  lg  g  0  zg  ,  -18 

additional  bands  observed  for  solid  KrF  SbFc  are  indeed  due  to 
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solid  state  effects.  The  solubility  of  KrF+SbF^~  in  anhydrous 
HF  at  -31°C  was  also  measured  as  43.9  mg/g  HF  by  the  use  of  a 
previously  described  method^8. 

Since  mixtures  of  KrF2  and  BF3  in  anhydrous  HF  are  capable  of 
oxidizing  NF3  to  NF^+  (see  below),  it  was  interesting  to 
establish  whether  BF^  forms  an  adduct  with  KrF2  under  these 
conditions.  Raman  spectra  of  an  equimolar  mixture  of  KrF2 
and  BF^  in  anhydrous  HF  at  -40°C  showed  bands  (597(10),  561(2), 
462(7.5),  334(1),  179(1.7))  characteristic  for  Kr2F3+>xKrF218 
and  a  weak  band  at  879  cm  ^  due  to  v^(A^,)  of  BF^.23  The  bands 
expected  for  BF^  were  difficult  to  observe  under  the  given 
conditions  due  to  their  low  relative  intensity  and  the  low 
signal  to  noise  ratio.  Removal  of  volatile  material  in  a 
dynamic  vacuum  at  -78°C  resulted  in  a  white  solid  residue 
which,  based  on  its  Raman  spectrum  (461  cm”^)  at  -110°C, 
consisted  of  KrF2.  These  results  clearly  show  that  KrF2  does 
not  form  a  stable  solid  adduct  with  BF3  at  temperatures  as  low 
as  -78°C,  but  that  in  HF  solution,  even  at  temperatures  as  high 
as  -40°C,  ionization  to  [Kr2F3+-xKrF2] [BF^~]  occurs.  The 
observation  of  free  BF^  is  readily  accounted  for  by  the  formation 
of  krypton  fluoride  polycations  which  leaves  most  of  the  BF^ 
uncomplexed.  Whether  any  free  KrF2  is  also  present  in  the  HF 
solution  is  difficult  to  say  because  the  KrF2  band  coincides 
with  the  462  cm“^  band  of  Kr2F3+-xKrF2 . 

Fluorination  Reactions  with  KrF+  Salts.  The  oxidative  fluorination 
4.  "~.p  n  c 

of  NF3  to  NF^  by  KrF  salts  was  first  discovered*’''  by  Artyukhov 

and  Khoroshev  and  independently  rediscovered  in  our  laboratory.  In 

our  study,  mixtures  of  NF3,  KrF2  and  either  AsF^  or  BF3  in  mole 

ratios  of  7:2:1  were  allowed  tc  warm  in  stainless  steel  cylinders 

from  -196  to  50°C  under  autogenous  pressures  of  about  75  atm.  In  two 
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days  NF^AsF6  and  NF^BF^  had  formed  in  97  and  307.  yield,  respec¬ 
tively,  based  on  the  limiting  reagents  AsF^  and  BF^,  ih 
agreement  with  the  following  equations 

NF3  +  KrF2  +  AsF5 - ~^NF4AsF6  +  Kr 

and 

NF3  +  KrF2  +  BF3  - »-NF4BF4  +  Kr 


In  the  Russian  study  the  reactions  were  carried  out  at  room 
temperature  with  either  solid  KrF  SbF^  and  one  atm  of  NF3»  or 
in  HF  solution  with  stoichiometric  amounts  of  KrF2,  NF3  and 
the  following  Lewis  acids,  SbF^,  NbFy  PF^,  TiF4  or  BF^  at 
total  pressures  of  3- A  atm  and  with  reaction  times  of  1-3  hr. 
Based  on  elemental  analyses  and  vibrational  spectra  their 
products  were  assigned  to  NF^+  salts  of  SbF^  ,  NbF^  ,  PF^  , 
TiF62~  and  BF4~ ,  respectively.25  We  have  repeated  some  of 
these  reactions  in  our  laboratory  because  for  (NF4)2T1F6  and 
NF^SbF^  the  reported  vibrational  spectra  were  those  of  poly¬ 
anions  , ^ ^ ’ 2^  and  no  yields  and  concentration  or  temperature 
dependences  were  given  which  would  help  to  shed  some  light  on 
the  possible  mechanism  of  these  reactions. 


Our  results  for  the  reaction  of  solid  KrFSbF^  with  NF3  showed 
that  indeed  the  NF^+  cation  is  formed,  but  that  under  the 
reported  conditions25  the  reaction  is  incomplete  and  that  the 
NF^+  salt  is  mainly  NF^SboF-Q  an<*  n0t  NFAS^F6* 

When  the  reaction  of  KrF2~SbF5  mixtures  or  of  preformed  KrFSbF^ 
with  stoichiometric  amounts  of  NF3  was  carried  out,  as  previously 
reported,25  in  HF  solution  at  ambient  temperature,  the  reaction 
was  complete  in  less  than  three  hours.  However,  contrary  to  the 
previously  reported  elemental  analysis  but  in  agreement  with  the 
listed  vibrational  spectra,25  the  solid  product  consisted  mainly 
of  NF4Sb2F11(v90%)  and  not  NF^SbF^ .  The  formation  of  mainly 
NF4Sb2F13  suggests  that  under  these  conditions  the  oxidation  of 
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NF^  by  KrFSbF^  is  not  quantitative  and  that  some  KrFSbF^ 
decomposes  to  Kr,  F2  and  SbF^  with  the  latter  combining  with 
NF^SbF^  to  form  NF^Sb2F^ •  By  lowering  the  reaction  tempera¬ 
ture,  we  succeeded  in  completely  suppressing  the  formation 
of  NF^^F^,  and  NF^SbF^  was  obtained  as  the  only  product, 
contaminated  by  large  amounts  of  unreacted  KrFSbF^.  However 
a  quantitative  oxidation  of  NF^  by  KrFSbF^  according  to 

NF3  +  KrFSbF6 - NF4SbF6  +  Kr 

was  accomplished  by  the  use  of  a  sufficient  excess  of  NF^. 

Since  the  concentration  of  NF-*  in  the  HF  solution  is  propor- 

27 

tional  to  the  NF^  pressure  above  the  solution,  the  excess 
of  NF^  required  for  a  complete  reaction  can  be  minimized  by 
using  a  small  ullage  in  the  reactor.  This  results  in  a  high  NF^ 
pressure  and  consequently  in  a  high  concentration  of  NF~  in  the 
HF  solution.  The  results  of  a  series  of  runs  are  summarized  in 
Table  1  and  demonstrate  that,  for  example  at  -31°C  in  HF  solution 
at  an  NF^  pressure  of  1000  mm,  NF^  can  quantitatively  be  oxidized 
by  KrFSbF^  to  NF^SbF^  in  less  than  one  hour. 

25 

In  the  absence  of  yield  data  in  the  previous  report,  it  was  of 
interest  to  examine  whether  NF^BF^  can  also  be  formed  quantitatively 
under  similar  conditions.  We  found  that  an  equimolar  mixture  of 
KrF2*  NF3  an<*  BF3  in  anhydrous  HF,  when  allowed  to  warm  slowly 
from  -196  to  25°C  and  kept  at  25°C  for  3  hr,  resulted  in  only  a 
28,1 Z  yield  of  pure  NF^BF^.  When  the  reaction  was  carried  out  at 
-78°C  for  3  hr,  the  yield  of  NF^BF^  (7,17.)  was,  contrary  to  the 
NF^-KrFSbF^  system,  still  appreciable.  Without  the  use  of  HF  as  a 
solvent  and  at  ambient  pressure,  no  detectable  amounts  of  MF^BF^ 
were  obtained  after  3  hr  at  25°C.  However,  as  stated  above,  the 
use  of  a  sevenfold  excess  of  NF^  at  45  atm  pressure  and  gentle 
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heating  to  53°C  for  4  days  resulted  in  a  31%  yield  of  NF^BF^. 

In  view  of  the  known  tendency  of  TiF,  to  form  polyanion  salts  with 

26  4 

(NF/)9TiF£  and  the  fact  that  the  vibrational  bunds  attributed  in 
**  ^  o  25  2-  26 

the  Russian  study  to  TiF^  resemble  those  of  a  polyanion, 

we  have  also  repeated  the  reaction  of  NF^  with  KrF2  and  TiF^  in 

the  same  2:2:1  mole  ratio  in  HF  solution  at  room  temperature  for 

3  hr.  Based  on  the  observed  material  balance,  our  solid  product 

had  the  average  composition  NF^TiF^ • 2 . 25TiF^.  The  presence  of 

only  polytitanate  anions  and  of  no  TiF,^~  was  confirmed  by  vibra- 

o  -1 

tional  spectroscopy  (strongest  Raman  bands  at  795  and  755  cm  ). 
Based  on  our  above  results  for  NF^SbFg,  it  appears  safe  to  predict 
that  the  use  of  a  large  excess  of  NF^  and  particularly  of  an 
increase  in  the  NF^  pressure  and  concentration  should  also  decrease 
the  extent  of  polyanion  formation  in  the  NF-j-KrF^TiF^  system. 


Attempts  to  prepare  the  unknown  0F3+AsF6~  and  OF^+SbF^"  salts  by 
the  above  methods  (reaction  of  0F2  with  KrFMF^  in  either  HF 
solution  at  temperatures  as  low  as  -31°C  or  neat  in  a  nickel 
cylinder  under  25  atm  of  0F2  pressure)  produced  no  evidence 
for  the  existence  of  these  salts. 

We  have  also  attempted  to  oxidatively  fluorinate  CF-NF«  with 
KrF  salts  to  CF^NF^  salts.  A  mixture  of  KrF2,  AsF^  and  CF^NF2 
in  a  mol  ratio  of  1.86:1:5.62.  when  slowly  warmed  in  a  nickel 
reactor  from  -196  to  5U°C  produced  NF^  and  CF^  as  the  main 
products,  with  the  excess  of  CF^NF2  being  decomposed  to  give 
CF^  and  cis-  and  trans-  N2F2.  The  cis-  N2F2  reacted  with  AsF^ 
to  form  solid  N2F+AsF^”.28  Attempts  to  moderate  this  reaction 
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by  using  preformed  KrFSbF^  and  HF  as  a  solvent  resulted  again  in 
an  oxidative  fluorination  of  the  C-N  bond  with  CF^,  and  NF^  and 
some  trans-  N2F2  as  the  main  products.  However  in  this  case 
the  white  solid  product  consisted  mainly  of  NF^SbF^  xSbF^ . 

_  29  ^0 

An  attempt  was  also  made  to  oxidize  the  ClF^O  anion  *  with 
preformed  KrFSbF^  in  anhydrous  HF  solution  at  -78°C.  The 
following  reaction  was  observed. 

KrFSbF6  +  CsClF^O  +  HF - CsSbFg  +  Kr  +  F2  +  C1F20+HF2” 

This  result  is  not  surprising  since  CsClF^O  was  shown  to  readily 
undergo  solvolysis  in  HF, 

CsClF^O  +  2HF - ►CsHF2  +  C1F20+HF2” 

+  lci 

and  because  the  C1F20  cation  is  difficult  to  oxidize.  "  Reaction 

of  solid  KrFSbF^  with  CsClF^O  and  of  liquid  CIF^O  with  KrF2  also 

did  not  result  in  oxidation  of  the  ClF^O”  anion. 

Fluorination  Reactions  with  PtF^.  Since  gaseous  PtF^  does  not 

react  with  gaseous  NF^  at  ambient  temperature  to  any  significant 
20  J 

e:  tent,  we  have  studied  this  reaction  in  Hf  solution  without 
irradiation  and  in  the  gas  phase  under  the  influence  of  unfiltered 
uv- irradiation.  In  both  cases,  the  vibrational  spectra  of  the 
so1  id  reaction  products  demonstrated  the  formation  of  some  NF^+ 
salts.  The  anions  in  these  salts  were  not  very  well  defined  due 
to  the  simultaneous  formation  of  PtF^  and  possibly  lower  platinum 
fluorides  and  their  interaction  with  PtF^~  to  form  polyanions. 
Attempts  to  purify  the  products  by  extraction  with  anhydrous  HF 
were  unsuccessful. 

To  obtain  a  better  defined  sample  of  an  NF^+  fluoroplatinate  salt 
for  comparison,  we  have  prepared  NF^PtFg  by  a  known,  but  unpublished 
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20 

method.  Using  a  large  excess  of  F2  and  NF^  and  carrying  out 
the  reaction  at  125°C  under  an  autogenou?  pressure  of  about 
140  atm,  NF^PtF^  was  obtained  in  high  yield  according  to 

2NF3  +  F2  +  2PtF6 - i*-2NF4PtF6 


The  NF,PtF,  salt  is  a  stable  solid  which  shows  spectra  charac- 

4  0  +17  -15 

teristic  for  tetrahedral  NF^  and  octahedral  PtF^ 


It  was  shown  that  the  known  oxidative  fluorination  of  CIF^  to 

C1F,+  with  PtF,^’^’^  can  also  be  carried  out  at  room  tempera- 
o  o 

ture  in  HF  solution  without  requiring  uv- irradiation. 


2C1F5  +  2PtF6 


HF 


25°C 


ClF4+PtF6"  +  ClF6+PtF6' 


However,  attempts  to  prepare  BrF^+PtF^"  in  an  analogous  manner 
from  BrF^  and  PtF^  were  unsuccessful. 

Discussion 


Syntheses  of  Coordinatively  Saturated  Fluoro  Cations.  At  present 
only  three  coordinatively  saturated  fluoro  cations,  i.e.  NF,+, 
CIF^  and  BrF^  are  known  to  exist.  They  can  be  prepared  from 
the  corresponding  lower  fluorides  by  one  or  more  of  the  following 
three  methods:  (1)  oxidation  by  KrF+  salts;  (2)  oxidation  by  PtF^ 
and  (3)  oxidation  by  F2  in  the  presence  of  a  strong  Lewis  acid 
and  an  activation  energy  source. 

One  of  the  goals  of  this  study  was  to  examine  the  scope  of  these 
methods.  A  priori  one  would  expect  that  the  ease  of  preparing  a 
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given  coordinatively  saturated  fluoro  cation  should  increase 
with  increasing  oxidizing  power  of  the  fluorinating  agent  and 
with  decreasing  oxidation  potential  of  the  desired  coordinatively 
saturated  fluoro  cation.  Although  the  oxidation  potentials  of 
the  three  coordinatively  saturated  fluoro  cations  are  unknown, 
a  comparison  with  those  of  either  the  isoelectronic  fluorides 
CF^,  SF^  and  SeF^  or  the  corresponding  oxo  anions  in  the  same 
oxidation  states,  i.e.  NO^" ,  C10^~  and  BrO^~ ,  suggests  that  the 
oxidation  potentials  should  increase  in  the  following  order 
NF^+<ClF^+<BrF^+.  As  far  as  the  order  of  oxidizing  power  of 

KrF*,  PtF.  and  F0-Lewis  acid  combinations  is  concerned,  Sokolov 

®  ^  4.  _  31 

et  al.  have  shown  that  KrF  can  oxidize  PtF^  to  PtF^,  and 

both,  KrF*  and  PtF^,  are  expected  to  be  stronger  oxidizers  than 

mixtures  of  F«  with  Lewis  acids.  Therefore,  the  oxidizer  strength 

z  + 
should  increase  in  order;  F2-Lewis  acid  < PtF^-cKrF  . 

The  results  of  this  study  are  in  accord  with  these  predictions. 

Thus,  KrF+,  the  most  powerful  oxidizer,  is  capable  of  oxidizing 
all  three  substrates,  NK^,  ClF^  and  BrF^.  The  second  strongest 
oxidizer,  PtF^.,  can  still  fluorinate  NF^  and  CIF^,  whereas  the 
weakest  oxidizer,  the  Levis  acid-F2  mixtures,  can  oxidize  only 
NF^.  These  results  show  that  the  preparative  methods  are  trans¬ 
ferable  from  one  coordinatively  saturated  fluoro  cation  to 
another,  provided  that  the  oxidant  is  powerful  enough  to  oxidize 
the  substrate.  Obviously,  secondary  effects,  such  as  the  possi¬ 
bility  of  high  activation  energy  barriers  and  competitive  side 
reactions  might  also  be  important.  For  example,  the  activation 
energy  sources  used  in  the  F2~Lewis  acid  method  can  cause  break¬ 
down  of  ClF^  and  BrF^  to  F2  and  lower  fluorides  with  the  latter 
being  continuously  removed  from  the  equilibrium  by  rapid  complexing 
with  the  Lewis  acid.  For  NF^,  such  a  side  reaction  is  not  effective, 
and  the  F9-Lewis  acid  method  is  therefore  well  suited  for  the  prep- 
aration  of  NF^  salts. 

K-15 


-16- 


Formation  Mechanisms  of  Coordinatively  Saturated  Fluoro  Cations. 
Previous  reports  have  been  concerned  almost  exclusively  with 


the  formation  and  decomposition  mechanisms  of  NF^+  salts,  and 

several  different  mechanisms  have  been  proposed.  These  include 

2  12 

the  heterolytic  fission  of  fluorine,  * 


64  6- 


AE 


NF3  +  F  -  F  4-  AsFy 


NF4+AsF6' 


(I) 


the  dissociation  of  NF^AsF^  to  yield  unstable  NF^, 


33 


NF4AsF6 


^NF5]4-  AsF5 


(II) 


[NF,> 


NF3  +  f2 


the  formation  of  an  intermediate  strongly  oxidizing  Lewis  acid*F 
3  A 

radical, 


•2F 


(HI) 


F  4-  AsF, 


AsF, 


AsF6  +  NF3 


NF3+AsF6' 


NF3  AsF6  4-  F 


NF4+AsF6' 


the  formation  of  an  intermediate  NF^  radical,? 


2F 


(IV) 


F  4-  NF. 


NF/ 


NFa  4-  AsF5; 


-NF3+AsF6' 


NF^AsF6"  4-  I 


NFa+AsF6' 


and  the  absorption  and  ionization  of  NF3  on  a  KrF+MF^’  surface. 


25 
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NF3  +  KrF+SbF6"  - -  (F3N-  •  •  F*  •  -Kr)+SbF6" - *-NF4+SbF6"  +  Kr  (V) 

For  the  formation  of  NF^+  salts  frcui  NF3,  F£  and  Lewis  acids,  the 
importance  of  the  ¥7  dissociation  step  and  of  NF^+  formation  has 

*  *1/  QC  J 

previously  been  experimentally  confirmed,  ’  thus  rendering 

mechanisms  (III)  and  IV)  most  likely.  Of  these  two  mechanisms 

(IV)  has  previously  been  preferred  by  us  because  the  formation 

and  decomposition  of  NF^+  salts  were  assumed  to  follow  the  same 

mechanism  and  the  decomposition  of  NF^AsF^  is  suppressed  more 

strongly  by  AsF^  than  by  NF<*.^  However  recent  ab  initio  molecular 
j  36 

orbital  calculations  have  provided  evidence  for  NF^  being  ener¬ 
getically  unfavorable,  and  the  formation  and  decomposition  of 
NF^+  salts  do  not  necessarily  proceed  by  the  same  mechanism. 

These  considerations  prompted  us  to  reconsider  our  previous 
preference . 

The  results  of  the  present  study  confirm  that  NF4+  salts  can  be 
formed  from  NF3  and  either  F2“Lewis  acid  mixtures,  KrF+  salts  or 
PtFg.  Furthermore,  the  fact  that  the  reaction  of  KrF+  with  NF3 
proceeds  not  only  quantitatively,  but  also  at  temperatures 
(-31  to  -45°C)  at  which  KrF+SbF£~  is  completely  stable,  rules 
out  a  free  radical  mechanism  based  on  the  decomposition  of  KrF« 
to  Kr  and  F  atoms  and  supports  an  ionic  mechanism  for  the  KrF  -NF3 

reaction.  In  such  an  ionic  mechanism,  NF^  is  oxidized  either  to 

+  J  + 
an  intermediate  NF3  radical  cation  or  directly  to  NF4  .  In  view 

of  the  quantitative  yields  of  NF,+  salts  and  our  failure  to  obtain 

evidence  for  an  intermediate  NF~  radical  cation  in  these  KrF+ 

J  + 
reactions  by  ESR  spectroscopy,  the  direct  fluorination  to  NF4 

is  preferred.  One  can  easily  envision  an  intermediate  activated 

complex  between  the  electrophilic  KrF+  cation  and  the,  albeit 

weak,  electron  donor  NF3  which  could  readily  decompose  to  NF4+ 

with  Kr  elimination. 
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For  the  reactions  of  NF^  with  F2”Lewis  acid  mixtures  the  requirement 

for  an  activation  energy  source  capable  of  dissociating  F*,  ^  the 

+  * 

ESR  evidence  for  the  intermediate  formation  of  the  NF^  radical 

35  j6 

cation,  and  the  unlikely  formation  of  an  NF^  radical  favor 

the  free  radical  mechanism  III.  For  the  thermal  decomposition 

of  NF^+  salts  which  are  derived  from  stable  Lewis  acids,  mechanism 

II  is  preferred  because  it  best  explains  the  observed  strong  rate 

suppression  by  the  Lewis  acids. ^ 

Even  in  the  absence  of  experimental  data  it  appears  rather  safe 
to  propose  for  the  PtF^  oxidation  reactions  a  one  electron  transfer 
leading  to  NF^+PtF^’  as  an  intermediate  which  is  then  further 
fluorinated  by  a  second  PtF^  molecule  to  NF^+.  Such  a  mechanism 
is  in  accord  with  the  rather  low  yields  of  NF^+  salts  obtained 
for  the  NF«-PtF,  system,  and  has  previously  also  been  proposed 

JO  ]c 

for  the  ClF^-PtF^  system. 

Considering  all  the  experimental  evidence  presently  available  for 
the  formation  mechanisms  of  coordinatively  saturated  complex  fluoro 
cations,  it  appears  that  all  reactions  exhibit  a  certain  commonality. 
The  crucial  step  in  all  systems  appears  to  be  the  reaction  of  a  power¬ 
ful  one  electron  (PtF^  or  Lewis  acid-F)  or  two  electron  (KrF+) 
oxidizer  with  the  substrate  (NF^,  ClF^,  or  BrF^)  resulting  in  an 
electron  transfer  from  the  substrate  to  the  oxidant,  with  a 
simultaneous  (in  the  case  of  KrF+)  or  subsequent  (in  the  case  of 
PtF^  and  Lewis  acid-F)  fluorination  of  the  intermediate  radical 
cation  (NF^+»  C1F^+,  BrF^+)  tu  give  the  final  product  (NF^+,  C1F^+, 
BrF^+) .  Thus,  the  mechanisms  of  the  three  presently  known  methods 
for  the  syntheses  of  NF^+  salts  might  be  written  in  the  following 
manner. 
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Lewis  acid  -F2  system: 


F  +  AsF^  *»  AsF^ 

AsF6  +  NF3 - -  NF3+AsF6" 

NF3+AsF6‘  +  F  (or  AsF6) - ^NF4+AsF6‘ 

PtF^  system: 

NF3  +  PtF6 - ►NF3+PtF6" 

Nr3+PtV  +  PtF6 - ^NF4+PtF6'-PtF5 

and  KrF+  system: 

NF3  +  KrF+SbF6‘ - •»- [KrF ■ .  .NF3]+SbF&* 

[KrF- ■ ■ NF3]+SbF6' - NF4+SbF6'  +  Kr 

As  can  be  seen  from  these  equations,  an  ionic  oxidant  (KrF+) 

results  in  an  ionic  mechanism  and  a  radical  oxidant  (LAF  or  PtF£) 

0 

in  a  radical  mechanism. 

If  in  the  Lewis  acid  -F2  reactions  the  hard  base  NF3  is  replaced 
by  a  soft  base,  such  as  Xe,  the  reaction  can  proceed  even  in  the 
absence  of  an  activation  energy  source,  as  was  demonstrated  by 
Stein  for  the  Xe-F2-SbF5  system.37  Although  XeF+  is  not  a 
coordinatively  saturated  cation,  this  reaction  is  most  interesting 
Contrary  to  the  NF3-F2“Lewis  acid  reactions,  it  probably  proceeds 
as  a  two  electron  oxidation  reaction  by  F^  and  therefore  might  be 
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considered  as  the  only  presently  known  example  of  an  actual 

heterolytic  fission  of  fluorine  by  a  Lewis  acid  and  a  Lewis 
32 

base. 

6+6-  , 

Xe • • • F  -  F- •  •SbF5— ♦XeF  SbF6“ 

The  lower  activation  energy  required  for  fluorinating  Xe,  compared 
to  NF^,  is  attributed  mainly  to  its  increased  polarizability,  i.e. 
it  is  a  softer  base,  and  to  a  lesser  degree  to  the  difference  in 
their  ionization  potentials  13.0,  12.13eV),  because 

the  hard  base  O2  has  an  even  lower  I?  of  12.06eV,  but  does  not 
react  with  fluorine  and  a  Lewis  acid  in  the  absence  of  an  activation 
energy  source. 

Conclusion.  Although  the  present  study  has  provided  us  with  more 
insight  into  the  formation  reactions  of  coordinatively  saturated 
complex  fluoro  cations,  and  particularly  into  those  involving  the 
use  of  KrF+  salts  as  an  oxidant,  there  is  a  definite  need  for  more 
experimental  and  theoretical  work  in  this  field  to  further  establish 
the  mechanisms  of  these  interesting  reactions. 
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Fluorine  Perchlorate.  Vibrational  Spectra,  Force  Field,  and  Thermodynamic  Properties 

KARl  O  CHRISTE*  and  E.  C  CURTIS 
Rtcfii  td  December  15.  1981 


Infrared  spectra  of  gaseous,  solid,  and  matrix-isolated  CTO, OF  and  Raman  spectra  of  liquid  ClOjOF  arc  reported.  All 
12  fundamental  vibrations  expected  for  the  covalent  perchlorate  structure 


of  symmetry  C  were  observed  and  assigned.  A  modified  valence  force  field  was  rnmniiled  for  CIOXiF  hv  using  ih<-  nWrv»-d 
»C1-)7C1  isotopic  shifts,  symmetry  relations  between  the  A'  and  the  A"  block,  and  the  off-diagonal  symmetry  force  constants 
of  the  closely  related  FCIO,  molecule  as  constraints.  Previous  assignments  for  C10,0CI,  CIO,OBr,  ClOjOCF,,  Cl207, 
and  CIjO,  are  revised.  The  l9F  NMR  spectrum  of  ClOjOF  was  recorded,  and  thermodynamic  properties  were  computed 
in  the  range  0-2000  K. 


Introduction 

Fluorine  perchlorate  (or  perchloryl  hypofluorite)  was 
probably  first  prepared1  in  1929  by  Fichter  and  Brunner  by 
the  fiuorination  of  dilute  HCIO,  with  F2  but  was  incorrectly 
identified.  The  first  positive  identification  of  C103OF  was 
reported2  in  1947  by  Rohrback  and  Cady,  who  obtained  the 
compound  from  the  reaction  of  F2  with  concentrated  perchloric 
acid.  They  reported  that  ClOjOF  consistently  exploded  when 
frozen. 


in  view  of  its  explosive  nature,  it  is  not  surprising  that  very 
few  papers  dealing  with  ClOjOF  have  been  published  since 
then.  In  1962,  Agahigian  and  coworkers  reported1  the  l9F 
NMR  spectrum  of  ClOjOF  in  CFClj  and  four  infrared  ab¬ 
sorptions  of  the  gas.  The  same  four  infrared  bands  have  also 
been  observed  in  a  study4  at  United  Technology  Corp.  in  which 
the  heat  ot  hydrolysis  was  measured  for  ClOjOF.  Macheteau 
and  Giltardeau  studied3  the  thermal  decomposition  of  ClOjOF 


(1)  Fichtcr.  F.1.  Brunner,  E.  Heir.  Chim.  Ada  1929.  12.  305.  i  _  i 

(2)  Rohrback,  G.  R;  Cady,  G.  H.  J  Am.  Chem.  Soc.  1947.  69.  677.  L  1 


(3)  Agahigian,  R;  Gray,  A.  P.;  Vickers.  G.  O.  Can.  J.  Chrm.  1962. 40.  1 57. 

(4)  Brazcale.  J.  D.;  «  al.  "Thermochemistry  of  Oxygen-  Fluorine  Bonding’, 
Report  UTC  2002-FR,  AD  No.  402889;  United  Technology  Corp: 
Sunnyvale,  C A,  March  1963. 
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Figure  1.  Traces  A.  B.  and  C  infrared  spectra  of  gaseous  CIO, OF  recorded  in  a  5-cm  path  length  cell  at  pressures  of  tOOO.  100.  and  10  torr. 
respectively.  The  broken  line  indicates  background  absorption  by  the  AgCl  windows.  Traces  D  and  K:  infrared  spectra  of  neat  and  Ne  matrix  isolated 
CIO, OF.  respectively,  recorded  ai  4  k  with  Csl  windows 


and  confirmed  the  four  infrared  bands  previously  reported. 3,4 
Small  amounts  of  CIO, OF  have  been  reeported  to  form  as 
byproducts  in  the  reactions  of  F;  with  metal  perchlorates4  6 1 
and  CljO*.*  Force  constants  have  been  predicted5 6 7 8 9  for  CIO, OF 
by  Wilt  and  Hammaker  using  the  four  published  infrared 
frequencies,  estimaiing  the  missing  frequencies  from  the  known 
00,00  data10 *  and  transferring  five  tniernal  force  constants 
from  00,00  to  CIO, OF  It  was  recenily  found  that  very 
pure  CIO, OF  could  be  obtained  in  high  yield  by  the  “hernial 
decomposition  of  NF4CI04."  The  CIO, OF.  prepared  in  this 
manner,  could  be  manipulaled  and  repeatedly  frozen  without 
explosions 12 13  In  view  of  this  improved  synthesis  and  the 
paucity  of  previous  data  on  00,0 F.  a  bcticr  characterization 
of  I  his  compound  was  undertaken. 

Experimental  Section 

Caution'.  Although  no  explosions  were  incurred  during  the  prcsenl 
study,  the  original  reports*  of  Rohrback  and  Cady  indicate  thal 
CIOjOF  is  a  highly  sensitive  and  powerful  explosive.  It  should  be 
handled  only  in  small  quantities  and  with  proper  safety  precautions. 

muoiiiic  pcikliioiaic  was  picjniicu  by  liicnnai  decomposition  of 
NF4C10411,13  at  ambient  temperature  and  was  purified  by  fractional 
condensation  in  a  well- passivated  (with  CIF,)  stainless  stccl-Teflon 
FEP  vacuum  system.  Fluorine  perchlorate  was  found  lo  pass  slowly 
through  a  -126  °C  trap  but  to  stop  in  a  colder  trap.  The  only  impurity 
detectable  in  the  infrared  spectrum  of  the  gas  at  1000  mm  pressure 
was  a  i race  of  FCIOj. 

Infrared  spectra  were  recorded  on  a  Perkin -Elmer  Model  283 
spectrometer,  which  was  calibrated  by  comparison  with  standard  gas 
calibration  points.14,1*  The  reported  frequencies  and  isotopic  shifts 


(5)  Macheleau.  Y.;  Gitlardcau.  J.  Bull.  Soc.  Chim.  Fr.  1*6*.  1810. 

(6)  Grakaiukas.  V.  Fr.  Patent  t  360968,  1964 

(7)  Bode.  H.;  Kleaper.  E  1  Anorg.  Allg  Chem  1*51.  266,  275. 

(8)  Da  Vila.  W.  H.  B.  Rev.  Far  Cinenc.  Quim.,  Univ  /Vac.  La  Plata  1*57. 
29.  27. 

■»)  Wilt.  J.  D.;  Hammaker.  R.  M.  J.  Chem.  Phys.  1*73.  JS.  303. 

(I  Chriilc,  K.  O;  Sc  hack.  C.  J.;  Curtii.  E.  C,  Inorg.  Chem.  1*71, 10, 1589. 

(It)  Christe.  K  O.;  Wilson,  W.  W.  Inorg.  Chem.  1980.  19.  t494. 

( 1 2)  Schack,  C.  J.  Chriilc,  K.  O.  Inorg.  Chem.  1*7*.  18.  2619. 

( 1 3)  Totberg.  W.  E..  privaie  communication.  . 


are  believed  lo  be  accurate  lo  ±2  and  ±0.1  cm  \  respecti'^y.  Gas 
spectra  were  recorded  wiih  use  of  a  Teflon  ceil  of  5-cm  path  length 
equipped  with  a  Teflon  PFA  valve  (Fluoroware  Inc.)  and  AgCl 
windows.  The  spectra  of  neat  and  matrix-isolated  CIO, OF  were 
recorded  at  4  K  with  use  of  an  Air  Products  Model  ACI.3  helium 
refrigerator  equipped  with  Csl  windows  Research  grade  N.  or  Nc 
(Mathcson)  was  used  as  the  matrix  in  a  mole  ratio  of  10001 

The  R--man  spectra  were  recorded  on  a  Cary  Model  83  spectrometer 
using  the  4880-A  exciting  line  with  a  Claassen  filter  for  the  elimination 
of  plasma  lines.16  Polarization  measurements  were  carried  out  by 
method  VIII.  as  described16  by  Claassen  cl  al.  A  flamed-out  4-mm 
od.  quariz  lube  was  used  as  a  sample  container  in  the  transverse 
excitation -i ransversc  viewing  mode.  It  w-as  cooled  to  -tOO  °C  in  an 
apparatus  similar  to  that1’  described  by  Miller  and  Harney. 

The  1QF  NMR  spectrum  of  CIO  OF  in  HE  solution  was  recorded 
at  84.6  MHz  on  a  Varian  Model  KM 390  spectrometer  equipped  with 
a  variable  temperature  probe  Chemical  shifts  were  delcrn lined  relative 
lo  exlernal  CFCI,  with  positive  shifts  being  downficld  from  CFCI,. 

Results  and  Discussion 

Properties  of  CIO, OF.  Fluorine  perchlorate  is  colorless  as 
a  gas  and  a  liquid  and  white  as  a  solid.  It  was  found  lo  be 
stable  o.l  room  temperature  in  either  Teflon  or  passivated  steel 
containers  and  to  be  the  most  stable  member  of  the  series 
C10,0F.  ClOyOCl,  CIO,OBr.  Conirary  to  the  original  report 
of  Rohrback  and  Cady,2  explosions  were  not  incurred  on  either 
freezing  or  melting  CIO, OF.  Since  Rohrback  and  Cady  had 
prepared  their  sample  of  CIO, OF  by  fluorinaiion  of  HCI04, 
a  small  amount  of  the  latter  could  have  caused  their  samples 
to  be  more  sensitive.18 

The  l9F  NMR  chemical  shift  of  CIO, OF  has  been  reported3 
to  be  225.9  ppm  downfield  from  CFCI,.  However,  since  the 


( 1 4)  Plyfc:.  F..  K  ;  Danti.  A.;  Blaine.  L  R..  Tidwell,  E.  D.  J.  Res.  Nall.  Bur. 
Stand  .  Seel.  A  1960.  64.  841. 

(15)  tniernalional  Union  of  Pure  and  Applied  Chemisiry.  "Tables  of 
Wavenumbers  for  the  Calibration  of  Infrared  Speciromelers";  Butler- 
worths:  Washington,  D  C..  1 96t . 

(16)  Claassen.  H.  H  ;  Selig.  H.;  Shamir,  J.  Appl  Specirosc.  1*6*.  23.  8. 

(17)  Miller.  F.  A..  Harney,  B  M.  J.  Appl.  Specirosc.  1*70,  24.  271 

(18)  Schack.  C.  J.;  Pilipovich,  D.;  Christe,  K.  O.  J.  Inorg.  Nucl.  Chem., 
Suppl  1*76.  207. 
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Figure  2.  Infrared  speclra  of  N2  and  Ne  matrix-isolated  and  of  gaseous  CIOjOF  recorded  with  20-fold  scale  expansion  under  higher  resolution 
conditions. 
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Figure  3.  See  caption  of  Figure  2. 

shift  for  FClOj,  reported  in  the  same  paper,  is  in  error  by  about 
35  ppm,19  we  have  redetermined  the  shift  for  C103OF.  In  HF 
solution,  a  single  line,  219.4  ppm  downfield  from  external 
CFClj,  was  observed,  in  fair  agreement  with  the  previously 
reported1  value  of  225.9  ppm. 

Vibrational  Spectra,  The  infrared  spectra  of  C103OF  were 
recorded  for  the  gas,  and  for  the  neat  and  the  neon-  and 
nitrogen-matrix-isol8ted  solid  (see  Figures  1-3).  The  Raman 
spectra  of  liquid  C103OF,  recorded  at  -100  °C,  are  given  in 
Figure  4.  The  observed  frequencies  and  their  assignments 
are  summarized  in  Table  I.  The  four  infrared  bands  previ¬ 
ously  reported3-5  for  gaseous  C103OF  agree  well  with  our 
results. 


Assignments,  By  analogy  with  Josely  related  molecules, 
such  as  CF3OF, 20,21  fluorine  perchlorate  should  possess  a 
staggered  structure  of  symmetry  C,. 


The  12  fundamental  vibrations  expected  for  C103OF  of  sym¬ 
metry  C ,  can  be  classified  as  8  A'  and  4  A",  where  all  modes 
are  allowed  in  both  the  infrared  and  the  Raman  spectra.  In 


(19)  ChrUte,  K.  0.;  Schack,  C.  J.  Ado.  Inorg.  Chem.  Radiochem.  1976,  18, 
319. 


(20)  Diodali,  F.  P.;  Bartel!.  L.  S.  J.  Mol.  Struct.  1971,  8,  395. 

(21)  Buckley,  P.;  Weber.  J.  P.  Can.  J.  Chem.  1974,  52,  942. 


Fluorine  Perchlorale 


Inorganic  Chemistry,  Voi.  21,  No.  8,  1982  2941 


Table  I,  Vibrational  Spectra  of  CIO ,01 

obsd  freq,  an  1 ,  and  intens 
infrared 


2588  vw 
2335  w 
2183  vvw 

2092  vw 
1968  vw 
1891  ww 
1749  vw 
1670  ww,  sh 
1645  vvw 
1610  vvw,  sh 
1555  ww,  sh 
1538  ww 
1480  vvw 
1 394  ww 
1345  ww,  sh 


682.1  V 
679  2  I 
676.8  (. 
674.6) 
672.3  V 
671.0  I 
668  ' 
599  raw 


N,  matrix 


Ne  matrix 


1304.6  vs 
1303,0  vs 
1301.8  sh 
1294  8  vs 

1293.7  sh 

1289.8  m 

1286.4  m 
1280.2  ms 


1307  sh 
(i  303.6  vw 
'1302  sh 

1297.4  raw 

1 1 296. 1  raw 

1 1295.2  vs 
11289.7  m 

1288.4  mwi 
1285.9  mwf 
12S1.6w  » 
'  1 280.6  ms  1 


1276  sh 

1195  v  a 

1055  vw 
1051,2  sh  l 
1050.0  mwl 

1063  w 
1056.0  w 

1049.2  s 

1047.3  ms 
1046.5  mw 

1047,5  ms 

1042  ms 

1046.8  ms 

1044.2  mw 

1044,2  m 

975  vvw 

943  vvw 
886,7  w 

883,3  mw 

882.3  mw 

884.6  mw 

881,6  m 

887.2  m 

879  m 

683.7  mw 


1289  (0.31  bt  1289  (0.31 


1289  (0.3)  br  1269(0.31 


1045  (10) 


882  (4.31  p  882  (1.9) 


674.6 

677.7  s 

669  s 

670  (2.8)  p 

670  (1.5) 

667.6  ms 

670,7  ms 

597.1  ms 

597.6  ms 

595  ms 

596  (0.8)  dp 

593.3  m 

593.8  m 

561.8  ms 

562.9  ms 

558  ms 

559  (0.8)  dp 

558,9  m 

560.0  m 
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531.6  m 

529  m 

528  (4.4)  p 

528  0.8) 

386.9  w  \ 
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383  sh 

382  sh,  Jjr 
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1380.7  w  J 

381  mw  ' 

377,3  mw 
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377  mw 

377  (8  '>)  p 

377  (4.7) 

230  (1.4)  p 

232  (0.8) 

127  (0.6)  dp 

assign  t  in  point  group  C, 


[1302  +  1295  =  2597 

+  >'»  (A") 

12  x  1295  --  2590 

2p,  (A") 

1295  *  1049  =  2344 

f,  +• 1’2  (A  ”) 

11302  +  885  -  2187 

+  i*,  (A  ) 

11295  +  885  2180 

»•«  +  j-,  (A") 

2  x  1049  2098 

2v}  (A’) 

1295  + 677  1972 

+  i*4  (A") 

1295  +  599  1894 

v,  +  j*,  (A  ") 

2  x  885  ~  1770 

2l’j  (A') 

1295  +  379  -  1674 

+  i>7  (A”) 

1049  *  599  =  1648 

•>,  +  i's  (A  ) 

1049  +  563  =  1612 

v,  +  *',0  (A”) 

885  + 677  1562 

»*,  +  «■«  <A') 

1302  +  230  -  1532 

«•,  +  »•„  (A’) 

885  +  599  -  1484 

j’,  +  i\  (A  ) 

563  +  559  +  230  -  139 

2  i*,  +  !•„  +  iv  I 

2  x  677  -  1354 

2p4  (A') 

»•,  (A  )  “Cl 

2  x  386  +  529  1  301 

2a*,,  +  »v  (A’) 

v,  (A  )  “Cl 

f ,  (AV’Cl 

2  x  378  +  529  1285 

2a*,  +  »v  (A  ) 

v,  (A  )  ’’Cl 

2  X  599  =  1198 

2p5  (A  i 

2  x  529  =  1058 

2v%  (A’) 

678  +  379  =  1057 

vi  +  n,  (A’) 11 

671  +  379  =  1050 

vA  +■  Ji,  (A’) 3,1 
Pj  ( A’)  “Cl 

p,  (A'»  ”C1 

599  +  379  978 

p,  +  p,  (A  ) 

563  +  379  942 

i’,u  +  i',  (A”) 

2  x  379  +  127  -  885 

2p,  +  p„ (A”) 
(A') 

2  x  379  758 

2p,  (A') 

563  +  127  -  690 

“in  ‘  ‘'.J  *  A  ) 

v4  IA’1  “Cl 
r>4  ( A’l  ,7C1 


(a;i  “Cl 

f5 1  A’r 
1*10  <  A” )  “Cl 
^(A’V’Cl 
«'»  (A’) 


3  x  127  =  381 


lhe  Raman  speclrum,  lhe  A'  modes  can  be  either  polarized 
or  depolarized,  while  lhe  A"  modes  should  all  be  depolarized. 
An  approximate  description  of  all  12  modes  is  given  in  Table 

II. 

By  comparison  wilh  the  known  spectra  of  lhe  relaled 
molecules  CIOjOCl,1®  ClOjOBr,10  C103OH,22  C1030D,22 
OjCIOCIOj,’23-24  CF30C103,25  FClOj,26-30  F0S02F,j'-”  and 


(22)  Karelin,  A.  I.;  Grigorovich,  A.  1.;  Rosolovskii,  V.  Ya,  SpectrocMm.  Acta, 
Part  A  1975,  31  A,  765.  |_, 


v,,  (A")  and  3p„  (A") 

v-,  (A’) 

«»,  (A’) 

*.!  (A”) 


CF3OF, 34-39  lhe  assignments  for  most  fundamenlal  vibralions 
of  C103OF  (see  Table  II)  are  slraighlforward  Addilional 


(23)  Pavia,  A.  C.;  Rozi4rc,  J,;  Potier,  J  C.R.  Hebd.  Seances  Acad.  Sci.,  Her. 
C  1971,  273,  781, 

(24)  Roziire,  J,;  Pascal,  J.  L.;  Potier,  A.  Spectrochim.  Acta,  Part  A  1973, 
29  A,  169, 

(25)  Schack,  C.  J,;  Christc,  K.  O.  Inorg.  Chem.  1974,  13.  2374. 

(26)  Lide,  D.  R„  Jr.;  Mann,  D.  E.  J.  Chem.  Phys.  1954,  25,  1128. 

(27)  Madden,  R.  P.;  Benedict,  W.  S.  J  Chem.  Phys.  1954,  25,  594. 

,  (28)  Claassen,  H.  H,;  Appelman,  E.  H.  Inorg.  Chem.  1979,  9,  622. 
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Figure  4.  Raman  speura  of  liquid  CIOjOF  in  a  4-  mm  quartz  lube 
recorded  at  -100  °C  with  parallel  and  perpendicular  polarization. 
The  insert  shows  the  377-cm‘‘  band  recorded  with  scale  expansion. 

support  for  these  assignments  comes  from  the  observed 
35CI-37CI  isotopic  shifts  (chlorine  has  two  naturally  occurring 
isotopes,  ,JCI  and  J7CI,  with  an  abundance  ratio  of  3.1),  from 
the  normal-coordinate  analysis  (see  below),  and  from  the 
Raman  polarization  data.  Consequently,  only  the  less 
straightforward  assignments  will  be  discussed. 

The  two  antisymmetric  ClO}  stretching  modes,  k,(A')  and 
y9(A").  are  almost  degenerate  and  therefore  could  be  observed 
as  separate  bands  only  in  the  matrix  spectra  at  about  1303 
and  1295  cm'1.  In  the  Ne  matrix,  the  57C1  satellite  of  the 
1303.6-cm'1  fundamental  at  1289.7  cm'1  appears  to  be  in 
Fermi  resonance  with  the  A'  combination  band  (2i»j  +  vb)  at 
1285.9  cm1.  Because  Fermi  resonance  is  possible  only  be¬ 
tween  vibrations  belonging  to  the  same  symmetry  species,  the 
1 303.6-cm'1  band  is  tentatively  assigned  to  the  A'  mode.  The 
additional  smaller  splittings  observed  for  the  1295-cm'1  band 
in  the  Ne  matrix  and  for  the  other  bands  in  the  N2  matrix  are 
attributed  to  matrix  site  effects.  The  Raman  polarization  data 
for  the  1 289-cm'1  band  were  inconclusive  due  to  the  great  line 
width,  low  intensity,  and  low  degree  of  polarization  and 
therefore  were  not  useful  for  distinguishing  between  the  A' 
and  the  A"  fundamental. 

The  frequencies  of  the  two  C103  rocking  modes,  p7(A')  and 
hi  (A"),  almost  coincide  and  are  readily  assigned  on  the  basis 
of  their  Raman  polarization  ratios  (sec  Figure  4).  The  splitting 
of  hi(A")  (see  Figure  3;  into  two  components  in  the  ma¬ 
trix-isolated  infrared  spectra  is  attributed  to  Fermi  resonance 
with  3i>|2(A")- 

The  symmetric  (umbrella)  C103  deformation  mode,  s'j(A'), 
and  the  iwo  anlisymmetric  C103  deformation  modes,  ho(A") 
and  h(A'),  are  assigned  to  the  thiee  fundamentals  observed 
at  about  599,  563,  and  529  cm'1,  respectively.  The  assignment 
of  the  599-cm'1  fundamental  to  h(A')  U  established  by  the 
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Table  111.  Symmetry  Force  Comtant*,"  Observed  and  Calculated  Frequencies,  and  *‘C1-,TCI  Shifts  and  Potential  Energy 
Distribution®  ofC10,OF 


freq.cm  1 


Cl  isotopic 
shift,  cm  1 


assign  t  obad  ealed  obad  cakd 


s>mmetry  force  conitants 


potential  energy  distribution 


A' 

1302 

1303 

14.5 

15.7 

F \\-fr~fn 

9.53 

97  (1) 

V, 

1049 

1049 

3.3 

3.3 

Fu  =  /r  +  2/rr 

9.49 

97  (2) 

V, 

885 

885 

<1 

0.1 

F„=/d 

3.51 

84(3)  +  10(7) 

677 

677 

7.0 

7.0 

F,4=/r 

2.38 

52  (4)  +  41  (5)  +  9  (8)  +  6  (6)  -  20  (45) 

599 

599 

3.8 

3.8 

F„  =  O.65/0  +  0.35/a  +  1.30/00  + 

2.38 

54  (5)  +  20  (6)  +  8  (8) 

0-70/gq  -  1.9  l/a0'  -  O.95/a0 

529 

529 

~  1 

1.2 

1.62 

63  (6)  +  28  (4)  +  7  (8)  +  4  (5)  -  9  (46)  5  (45 

V, 

379 

379 

<1 

0.7 

Fii  -  fa  -  f& 

1.54 

69  (7)  +  13  (3)  +  10  (6)  +  7  (4)  +  5  (8)  6  (67 

vv 

230 

230 

0.3 

/■;.  =4 

0.99 

66  (8)  +  18  (7)  +  15  (4) 

A" 

V, 

1295 

1295 

14.6 

15.1 

F„=/r~/rr 

9.53 

99  (9) 

563 

563 

2.9 

2.9 

1.55 

80  (10)  +  8(11)+  7(10.11) 

385 

385 

0.3 

F„,„  -  fa  f 00 

1.21 

94(11)+  18(10)  12(10,11) 

v,, 

127 

ii. u  -ft 

h  i»  h » ,io  /m'  /ra 

Fit  -  F»  ,i  fr0  ] rtf' 

F»  =  yhfrR 
/•'„  O.8t/r0-1.18/ro  + 
1-61/rU-  0.59/ra- 
l.39/«„-l.02/Wa 
Iha 

F*?  -  i#,ti  -foji'  ‘  faff 


0.27 

0.35 

0.16 

0 

0.51 

0.218 

0.2 


°  Stretching  constants  in  nidyn/A,deiormation  constants  in  mdyn  A/iadJ,  and  stretch-bend  interaction  constants  in  mdyn/rad.  Although 
identical  explicit  F  terms  are  given  for  ,  Ftt,F„  and  Fff,F  w  ,0,  f,,,,,  respcclivcly.it  must  be  kept  in  mind  that  the  corresponding  A'  and 
A'  force  constants  are  similar,  but  not  identical  (see  text  for  explanation).  b  Contributions  of  less  than  5%  to  the  PED  are  not  listed. 


observed  PQR  band  contour  in  the  infrared  spectrum  of  the 
gas,  by  its  large  ,5C1-37C1  isotopic  shift,  and,  in  particular,  by 
the  results  from  the  normal-coordinate  analysis  (see  below) 
By  analogy  with  CF,OF,35  CIO,OF  is  an  accidental  symmetric 
top  with  Cl  and  F  lying  on  the  axis  of  the  smallest  moment 
of  inertia  (/A)  and  rotational  constants  of  A  =  0.181,  B  = 
0.0932,  and  C  -  0.0931  cm'1.  Therefore,  the  band  contours 
for  CIO, OF  arc  expected  to  be  analogous  of  those  of  CF,OF 
for  which  the  PQR  band  contour  of  the  umbrella  deformation 
mode  is  well  established.  By  analogy  with  FClO,30  and  Cl- 
OjOCl,10  the  Cl-O  single  bond  stretching  and  Ihe  CIO,  um¬ 
brella  deformation  mode  in  C103OF  arc  expected  to  exhibit 
a  total  of  about  1 1  cm'1  in  35CI-37CI  isotopic  shift  whose 
distribution  between  the  two  modes  is  governed  by  their  degree 
of  coupling.  The  assumption  of  a  total  isotopic  shift  of  about 
1 1  cm'1  for  these  two  modes  was  supported  by  a  large  number 
of  different  force  fields.  As  long  as  plausible  interaction  terms 
were  used,  this  total  isotopic  shift  remained  close  to  1 1  cm"1. 
In  ClOjOF,  the  Cl  isotopic  shift  of  the  Cl-0  stretching  mode 
is  only  7.0  cm"1,  thus  requiring  a  Cl  shift  of  about  4  cm"1  for 
the  CIO,  umbrella  deformation  mode.  This  condition  is  met 
by  the  599-cm"1  fundamental  (Ap  =  3.8cm'1)  but  not  by  that 
at  52y  cm"3  (Ap  ==  I  cm  *).  Furthermore,  the  normai-cooi- 
dinate  analysis  strongly  preferred  a  Cl  isotopic  shift  of  about 
3.0  cm"1  for  »<10(A")  and  could  accommodate  a  3.8-  or  1-cm'1 
shift  only  with  unreasonable  off-diagonal  symmetry  force 
constants.  Also,  the  potential  energy  distributions  of  all 
physically  meaningful  force  fields,  obtained  with  the  different 
possible  assignments,  insisted  on  599  cm'1  belonging  to  the 
A'  block  and  being  the  umbrella  deformation  mode.  With  the 
599-cm"1  fundamental  being  firmly  assigned  to  the  umbrella 
deformation  mode,  assignments  for  j>6(A')  and  P|0(A")  are 
unambiguous  on  the  basis  of  the  Raman  polarization  data. 

The  frequency  of  127  cm'1  for  the  Cl-OF  torsional  moae 
in  CIO, OF  is  in  excellent  agreement  with  that36-3’  found  for 
the  closely  related  CF3OF  molecule  and  confirmed  by  mi¬ 
crowave  spectroscopy.21  Since  the  reduced  moment  o(  inert ia 
for  internal  rotation  (/A)r  of  CF,OF  and  C10,OF  should  be 
comparable,  the  potential  barrier  to  internal  rotation  in  Cl- 
03OF  is  expected  to  be  similar  to  that  of  CF3OF  (about  4  kcal 


mol'1).20-3’  The  remaining  assignments  for  CIO, OF  are  all 
unambiguous  and  require  no  further  comment 

Only  minor  frequency  shifts  were  observed  for  CIO, OF 
when  going  from  the  gas  to  the  liquid  and  the  solid.  This 
indicates  little  or  no  association  in  the  condensed  phases. 

Comparison  of  Ibe  CIO, OF  Assignments  with  Those  of 
Similar  Molecules.  In  Table  II,  the  assignments  for  CIO, OF 
arc  compared  to  those  of  similar  molecules.  The  general 
agreement  between  the  different  compounds  is  excellent  and 
permitted  improvement  of  some  of  the  previous  assignments. 
For  example,  the  assignments  previously  proposed  for  the 
antisymmetric  (A')  and  the  symmetric  CIO,  deformation 
modes  of  C10,OCI,10  C103OBr,10  and  Cl207’  should  be  re¬ 
versed  and  the  assignments  for  C!0,OCF3  should  be  revised 
to  conform  with  those  of  CIO, OF. 

For  CF3OF,  we  propose  to  exchange  the  previous  assign¬ 
ments38  for  the  symmetric  and  antisymmetric  CF,  stretching 
modes  in  species  A'.  The  CF,  modes  in  CF,OF  arc  almost 
identical  with  those  in  CF,ONF2.  Raman  polarization  data 
recently  obtained  in  our  laboratory  for  CF3ONF2  established 
beyond  doubt  that  the  highest  CF3  fundamental  represents  the 
symmetric  stretching  mode. 

Cliluiint;  Isotopic  Shifts.  The  "C!  ,7CI  isotopic  shifts  ob 
served  for  CIO, OF  arc  summarized  in  Table  III.  In  view  of 
the  importance  of  these  shifts  for  the  force  field  computation, 
factors  influencing  some  of  these  shifts  will  be  briefly  discussed. 
Whereas  i>s,  v9,  and  »/10  are  essentially  undisturbed,  some  of 
the  other  bands  appear  to  be  influenced  by  effects  such  as 
Fermi  resonance  with  combination  bands. 

For  i»|,  r;sonance  between  (2p7  +  v6)  37CI  and  rt  37CI  most 
likely  shifts  Ihe  latter  to  higher  frequency  and  decreases  its 
relative  intensity  and  the  apparent  35C1-37CI  separation  of  i»,’s. 
Using  a  weighted  average  of  the  1285.9-  and  1289.7-cm'1 
bands  for  the  frequency  of  i«,  37C1  results  in  a  Cl  isotopic  shift 
of  abut  14.5  cm'1,  similar  to  that  (14.6  cm'1)  observed  for  the 
almost  degenerate  v9(A")  fundamental. 

For  i»2  a  discrepancy  exists  between  the  matrix  isolation  and 
the  gas-phase  data.  Whereas  two  Q  branches  with  a  frequency 
separation  of  2.4  cm'1  were  observed  in  the  gas-phase  spec¬ 
trum,  the  matrix  isolation  data  show  that  in  the  Ne  and  N2 
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matrices  the  isotopic  shifts  arc  3.3  cm'1.  Two  combination 
bands,  (»>4  +  y7)  and  2^,  occur  in  this  region  and  were  indeed 
observed  in  the  matrix  spectra.  However,  since  in  the  Nc 
matrix  they  occur  on  the  high-frequency  side  of  and  arc  of 
low  relative  intensity,  the  larger  isotopic  shift  in  the  matrix 
spectrum  cannot  be  attributed  to  Fermi  resonance  effects. 
Since  in  the  closely  related  FCIOj  molecule  the  Cl  isotopic 
shift  of  this  highly  characteristic  symmetric  C103  stretching 
mode  is  3.05  cm'1,50  we  prefer  the  matrix  shift  value  for  v2 
of  CIOjOF.  The  second  Q  branch,  observed  in  the  infrared 
spectrum  of  the  gas,  might  be  due  to  other  effects  such  as  hot 
bands. 

The  OF  stretching  mode,  v3(A'),  shows  a  splitting  of  about 
5  cm'1  in  the  Nc-matrix  spectrum,  but  in  the  Nj-malrix  and 
gas-phase  spectra  the  satellite  band  is  shifted  to  the  high- 
frequency  side  of  *3  and  therefore  is  atltibuled  io  the  com¬ 
bination  band  (2v7  +  v,2). 

Normal-Coordinate  Analysis.  The  normal-coordinate 
analysis  of  CIOjOF  presented  a  particular  challenge  because 
previous  force  field  computations  for  the  closely  related 
ClOjOX  (X  -  Cl.  Br.  C1Oj).,  ,0CFjOX  (X  =  F.  CI).K3Ml 
and  FSO,OF*33  molecules  revealed  difficulties  in  reproducing 
the  experimental  frequencies  and  resulted  in  extensive  mixing 
of  symmetry  coordinates  for  many  of  the  A'  modes.  Because 
of  the  highly  underdetermined  nature  of  these  force  fields,  the 
mere  reproduction  of  the  observed  frequencies  does  not  nec¬ 
essarily  result  in  a  meaningful  force  field  or  even  support  a 
certain  assignment.  In  order  to  avoid  mo6t  of  these  drawbacks, 
we  have  used  for  our  normal-coordinate  analysis  of  CIOjOF 
the  following  additional  constraints:  (i)  35CI-37Cl  isotopic 
shifts,  (ii)  symmetry  relations  between  the  A'  and  A"  block, 
and  (iii)  transfer  of  many  force  constants,  particularly  off- 
diagonal  symmetry  force  contants  from  the  closely  related 
FCIOj  molecule  to  CIOjOF.  For  this  purpose,  it  became 
necessary  to  determine  first  a  reliable  general  valence  force 
field  for  FCIOj  from  a  combination  of  Cl  isotopic  shifts, 
Coriolis  constants,  end  ab  initio  force  constant  calculations.30 
Using  this  well-established  FCIOj  force  field  both  as  a  starting 
point  for  the  CIOjOF  computations  and  as  a  criterion  for 
judging  the  plausibility  of  the  resulting  force  field,  we  de¬ 
termined  a  force  field  that  met  all  our  criteria. 

For  the  computation  of  the  CIOjOF  force  field,  the  vibra¬ 
tional  frequencies,  Cl  isotopic  shifts,  and  assignments  of  Tables 
II  and  III  were  used.  The  required  potential  and  kinetic  energy 
metrics  were  computed  by  a  machine  method42  using  the 
following  geometry,  estimated  from  a  comparison  with  the 
related  molecules  FCIOj,43  CIOjOH,44  and  CFjOF.10-21 

.<i2X 
1-1.61.8 
10). 2° 

• r-l.6)8 


The  symmetry  coordinates  used  were  the  same  as  those  given 
in  ref  38,  except  that  the  numbering  is  different  and  the  re¬ 
dundant  coordinate  was  made  exactly  orthogonal  to  the  other 
coordinates  by  the  Gram-Schmidt  process.  Analytical  ex¬ 
pressions  for  the  symmetry  force  constants  arc  given  in  Table 
III.  The  off-diagonal  symmetry  force  constants  were  adjusted 
by  trial  and  error  and  then  kept  fixed  during  adjustment  of 
the  diagonal  symmetry  force  constants  by  a  least-squares 
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Table  IV.  Companion  of  Internal  Pore*  Conitanti9  of  C10,0F 
with  Those  of  1  CIO, 


CIO, OF 

ICIO, 

CIO, OF 

FCIO, 

fr 

9.52 

9.76 

U- 

fan 

1.54(A) 

1.49 

frr 

-0.01 

0.07 

1.21  (A") 

frH 

0.09 

0.08 

U 

fra' 

0.27 

-0.291 

la  -  faa 

1.62(A) 

1.53 

fra 

-fra' 

0.35 

-0.331 

1.55  (A") 

faff 

-faff' 

0.2 

0.26 

a  l  or  dimensions  of  force  constants  see  footnote  a  of  Table  111. 
b  The  different  signs  in  these  force  constants  are  caused  by  the  dif¬ 
ferent  signs  in  the  symmetry  coordinates  used  for  the  two  compu¬ 
tations  and  therefore  have  no  physical  meaning. 

method  to  reproduce  the  observed  frequencies  and  isotopic 
shifts.  Due  to  the  symmetry  relations  between  the  A'  and  the 
A"  block  (F n  -  F99,  /■*  *  F]0 jo,  F77  *  Fuji,  FI6  *  ~FYio> 
F, 7  =  F*j|,  and  F67  =  -F,on).  both  blocks  were  refined  si¬ 
multaneously.  Due  to  its  low  frequency  and  weak  coupling 
with  other  modes,  the  torsional  mode  r12  was  omitted  for  the 
analysis. 

With  use  of  this  method  and  the  FCIOj  force  field  as  a 
starting  solution  (supplemented  by  appropriate  estimates  for 
the  O-F  group),  the  A'-A"  symmetry  constaim  was  at  first 
fully  enforced.  Although  a  close  duplication  of  the  observed 
frequencies  and  isotopic  shifts  was  possible,  the  resulting  force 
field  and  potential  energy  distribution  were  unsatisfactory.  For 
satisfactory  force  field  solutions,  the  computed  frequency  of 
v 7  was  always  too  low  and  that  of  i>u  too  high.  This  suggested 
that  the  two  C103  rocking  modes,  v7(A')  and  j»m(A").  are  not 
completely  degenerate,  and  therefore  the  Fv  -  F,,n  constraint 
was  removed.  Removal  of  this  constraint  significantly  im¬ 
proved  that  force  field,  but  again  the  results  suggested  that 
removal  of  the  *  F1(Uo  constraint  would  significantly 
benefit  the  force  field.  In  this  manner,  a  very  satisfactory  force 
field  (see  Table  III)  was  obtained  that  exactly  duplicated  the 
observed  frequencies  and  isotopic  shifts  and  contained  force 
constants  for  the  ClOj  part  of  the  molecule,  which  are  very 
similar  to  those  of  FCIOj30  (sec  Table  IV).  Removal  of  the 
F, ,  =  F„  constraints  was  shown  to  be  unnecessary  since  it  did 
not  change  the  values  of  F,,  and  F99.  The  only  minor  deviation 
between  observed  and  computed  isotopic  shifts  exists  for  i>x 
and  however,  it  must  be  kept  in  mind  (i)  that  the  shift  of 
v,  is  disturbed  by  Fermi  resonance  effects  (see  above)  and  (ii) 
that  anharmonicity  corrections45  for  these  large  shifts  would 
be  of  the  same  magnitude  as  the  observed  deviations. 

The  force  field  of  CIOjOF,  given  in  Table  III,  contains,  in 
addition  to  the  interaction  terms  transferred  from  FCIOj,  only 
one  relatively  small  (Fw  =  0.22  mdyn  rad  l)  off-diagonal 
symmetry  force  constant.  This  is  not  surprising  in  view  of  the 
near  degeneracy  of  the  -OCIOj  modes,  if  these  modes  were 
completely  degenerate,  vh,  and  y7  would  belong  to  species 
E  and  i>2,  vit  and  v 5  to  species  A,  of  the  corresponding  C3<. 
symmetry  molecule  and,  therefore,  no  interaction  force  con¬ 
stants  between  the  two  species  would  be  allowed.  In  the  case 
of  near  degeneracy  of  these  modes,  a-  in  CIOjOF,  the  inter¬ 
action  force  constants  between  the  two  groups  can  be  nonzero 
because  they  both  belong  now  to  species  A'.  However,  their 
numerical  values  should  be  very  small  or  zero,  as  can  be  shown 
by  semiquantitative  arguments. 

The  fact  that  the  symmetry  constraints  between  the  A'  and 
the  A"  block  are  not  strictly  valid  is  not  surprising.  As  ex¬ 
pected,  the  two  ClOj  rocking  modes  are  the  least  degenerate 
(22%  difference).  Because  the  O-F  group  is  situated  in  the 
symmetry  plane  of  the  molecule,  the  in-plane  rocking  motion 
requires  a  significantly  higher  force  than  the  corresponding 
out-of-plane  motion.  For  the  antisymmetric  ClOj  deformation 


(45)  Mueller.  A,  “Vibrational  Spectroscopy — Modern  Trends";  Barnes,  A. 
J..  Orville-Thomas,  W.  J.,  Eds.:  Elsevier  Amsterdam,  1977. 
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of  CIO, OF  computed  from  the  chlorine  isotopic  data  and  plotted  as 
a  function  of  The  units  are  identical  with  those  given  in  Table 
111.  The  broken  line  indicates  the  preferred  force  field. 

constants  the  difference  between  A'  and  A"  values  amounts 
to  only  4%  and  for  the  antisymmetric  CIO,  stretching  modes 
it  is  zero.  In  view  of  the  very  near  degeneracy  of  the  anti¬ 
symmetric  CIO,  stretching  and  deformation  modes,  it  is  not 
surprising  the  symmetry  constraint  imposed  on  the  corre¬ 
sponding  off-diagonal  symmetry  force  constants  worked  well 
for  our  force  field.  In  this  connection,  it  should  be  pointed 
out  that  the  expected,  albeit  small,  tilt  angle  of  the  Cl-O  bond 
away  from  the  threefold  axis  of  the  CIO,  group  should  cause 
a  smalt  difference  between  the  A'  and  A"  force  constants. 
However,  in  the  absence  of  exact  structural  data  for  ClO,OF, 
the  tilt  angle  was  assumed  to  be  zero  in  this  study 

To  obtain  a  better  feel  for  the  possible  variation  in  the  force 
constant  values  of  CIO, OF,  we  calculated  the  range  of  possible 
solutions  for  the  A"  block  which  is  shown  in  Figure  5.  Since 
five  independent  frequency  values  were  available  from  the 
isotopic  data  for  the  computation  of  six  symmetry  force  con¬ 
stants,  five  force  constants  were  calculated  as  a  function  of 
the  sixth  one,  in  this  case  F9  ll.  As  can  be  seen  from  Figure 
5,  limitation  of  the  off-diagonal  force  constants  to  reasonable 
va’ue«  places  rather  narrow  limits  on  the  more  important 
diagonal  terms.  The  force  field  selected  from  the  simultaneous 
A  -A"  refinement  is  given  by  the  broken  line  and  is  analogous 
to  the  FCIO,  E  block  force  field.30  The  differences  in  the  signs 
of  some  of  the  off-diagonal  force  constants  between  FCIO,  and 
ClOjOF  are  caused  by  the  different  signs  in  the  symmetry 
coordinates  used  for  the  two  computations  and  therefore  have 
no  physical  meaning. 

The  potential  energy  distribution  for  CIO, OF  is  given  in 
Table  III.  It  shows  that  the  approximate  mode  descriptions 
used  in  Table  II  are  appropriate.  The  largest  amount  of  mixing 
was  o'  served  for  v4,  which,  by  analogy  with  v2  of  FCIO,,30  is 
an  antisymmetric  combination  of  S4  (Cl-O  stretch)  and  S5 
(i,(CIO,)). 

In  order  to  test  the  possibility  of  interchanging  the  assign¬ 
ments  of  v5,  i/f,.  and  v[0>  we  computed  force  fields  for  all  possible 
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24  789 
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70.823 
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800 

26.641 
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95.299 

900 

27.221 

18.095 

78.367 

98.472 

1000 

27.660 

20.840 

80.524 

101.364 

1100 

28.000 

23.624 

82.541 

104.017 

1200 

28.266 

26.438 

84.434 

106.465 

1300 

28.480 

29.275 

86.217 

108  736 

1400 

28.652 

32.132 

87.902 

110.854 

1500 

28.794 

35.005 

89.499 

112.835 

1600 

28.911 

37.890 

91.016 

114.697 

t700 

29  010 

40.786 

92.461 

116.453 

1800 

29.093 

43.692 

93.841 

118.114 

1900 

29.164 

46.605 

95.160 

119.689 

2000 

29.225 

49.524 

96.424 

121.186 

assignments,  which  led  to  the  conclusions  stated  in  the  dis¬ 
cussion  of  the  assignments. 

ThennodyMunk  Properties.  The  thermodynamic  properties 
of  CIO, OF  were  computed  with  the  molecular  geometry  given 
above  and  the  vibrational  frequencies  of  Table  II,  with  the 
assumption  of  an  ideal  gas  at  I  atm  pressure  and  use  of  the 
harmonic-oscillator,  rigid-rotor  approximation.46  These 
properties  for  the  range  0-2000  K  are  given  in  Table  V. 

Conclusions.  The  observed  spectra  of  CIO, OF  agree  well 
with  a  covalent  perchlorate  structure  of  symmetry  C,.  All  12 
fundamental  vibrations  were  observed  and  assigned.  The 
assignments  were  confirmed  by  a  normal-coordinate  analysis 
using  Cl  isotopic  shifts,  symmetry  relations  between  the  A' 
and  A"  block,  and  force  constants  transferred  from  FCIO,. 
as  constraints.  The  resulting  force  field  exactly  duplicates  the 
experimental  data,  retains  the  most  important  force  constant 
features  of  FCIO,,  and  results  in  a  characteristic  potential 
energy  distribution,  thus  demonstrating  the  usefulness  of  these 
constraints  for  the  determination  of  a  reliable  force  field.  A 
comparison  of  the  A'  and  A"  block  force  constants  shows  that 
the  two  CIO,  rocking  modes  significantly  differ,  whereas  the 
two  antisymmetric  CIO,  deformation  modes  are  almost  dc 
generate  and  the  two  antisymmetric  CIO,  stretching  modes 
are  completely  degenerate.  This  is  not  obvious  from  the  ob¬ 
served  frequencies,  which  due  to  a  different  degree  of  mixing 
in  A'  and  A"  are  very  similar  for  the  two  rocking  modes  but 
arc  significantly  different  for  the  two  antisymmetric  CIO, 
deformations.  The  force  constants  of  the  CIO,  group  of 
CIO, OF  are  very  similar  to  those  of  FCIO,  but,  as  expected 
from  the  replacement  of  F  by  the  somewhat  less  electronegative 
-OF  group,  are  slightly  lowered. 
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A  new  method  for  the  synthesis  of  hypofluorites  was  discovered  utilizing  fluorine  fiuorosulfate  as  the  fluorinating  agent. 
The  method  was  successfully  applied  to  the  high-yield  synthesis  of  the  new  hypofluorite  TcF5OF.  The  compound  was  also 
prepared  in  lower  yield  by  the  fluorination  of  TcF,OH  with  a  concentrated  NF4HF\  solution.  The  physical  properties  and 
infrared.  Raman.  '*F  NMR  and  mass  spectra  of  TcF,OF  are  reported.  The  vibrational  spectra  of  Tel  sOCI  were  redetermined, 
and  complete  vibrational  assignments  are  given  for  TcFsOF  and  feFjOCI. 


Introduction 

The  number  of  elements  known  to  form  hypofluorites  is 
small  and  unlil  recently  was  limited  to  the  following  nonmetal 
main-group  elements:  H.  C,  N,  0.  S.  Sc,  F,  and  Cl.1  The 
synlhelic  method  used  for  Ihe  syntheses  of  these  hypofluorites 
involved  the  fluorinalion  of  I  he  corresponding  hydroxyl  com¬ 
pounds  of  l heir  metal  sails  with  elemental  fluorine.  An  un¬ 
successful  attempt2  was  made  lo  apply  Ihis  method  to  Ihe 
synthesis  of  the  '.lilherlo  unknown  TeFjOF.  This  failure  lo 
prepare  TeF4OF,  buf  the  success  in  Ihe  synlhesisof  TeF^OCI 
by  an  analogous  method.2  led  to  the  conclusion1 5  lhal  TeFsOF 
is  unstable  or  actually  nonexistent. 

Our  recent  success*  in  preparing  a  stable  iodine  hypofluorite 
and  the  observation  lhal  hypofluorites  arc  generally  more 
slable  than  Ihe  other  hyponaliles  suggesled  lhal  TcF,OF 
should  not  only  exisl  but  should  also  be  slable.  In  l his  paper 
we  presenl  data  that  show  that  TcF<OF  indeed  exists  and  is 
stable. 

Experimental  Section 

Materials  and  Apparatus.  Volatile  materials  were  manipulated  in 
a  stainless  steel  vacuum  line  equipped  with  Teflon  FEP  U-Traps,  316 
stainless  steel  bcllows-scal  valves,  and  a  Heise  Bourdon  tube-type 
pressure  gauge.  Telluric  acid  was  prepared  by  a  literature  method' 
and  also  purchased  from  Cerac,  Inc.,  and  from  Pfaltz  and  Bauer. 
Fluorosulfuric  acid  (Allied)  was  used  both  as  it  was  received  (light 
brown  color)  and  after  it  was  distilled  to  obtain  the  clear  colorless 
material.  Fluorine  fiuorosulfate  was  synthesized  as  described.6  The 
reaction  of  TeF5OH  with  cither  ClOSOjF  or  CIF  was  used  lo  prepare 
TeF4OCI.7  Cesium  and  potassium  chloride  were  oven-dried  and  then 
cooled  and  powdered  under  the  dry  N3  atmosphere  of  a  glovebox. 

Infrared  spectra  were  recorded  in  the  range  4000-200  cm'1 9  on  a 
Perkin-EImcr  Model  283  spectrophotometer  calibrated  by  comparison 
with  standard  gas  calibration  points, *•’  and  the  reported  frequencies 
are  believed  to  be  accurate  lo  ±2  cm'1.  The  spectra  of  gases  were 
obtained  with  use  of  either  a  Teflon  cell  of  5-cm  path  length  equipped 
with  AgCI  windows  or  a  10-cm  stainless  steel  cell  equipped  with 
polyethylene  windows  that  were  seasoned  with  CIFj.  The  spectra  of 
matrix-isolated  TcFsOF  and  TeF}OCI  were  obtained  at  6  K.  with  an 
Air  Products  Model  DE202S  helium  refrigerator  equipped  with  Csl 
windows.  Rcscarcii  grade  Ne  (Matheson)  was  used  as  a  matrix 
material  in  a  mole  ratio  of  400:1. 

The  Raman  spectra  were  recorded  on  a  Cary  Model  83  spectro¬ 
photometer  with  use  of  the  488-nm  exciting  line  of  an  Ar  ion  laser 
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and  a  Claassen  filter10  for  the  elimination  of  plasma  lines.  Quart/ 
tubes  (3  mm  o.d.),  closed  by  a  metal  valve,  were  used  as  sample 
containers  in  the  transverse-viewing,  transverse-excitation  technique. 
A  previously  described11  device  was  used  for  recording  the  low-tcm- 
perature  spectra.  Polarization  measurements  were  carried  out  by 
method  VIII  as  described  by  Claassen  ct  al.10 

The  l9F  NMR  spectra  were  recorded  at  84.6  MHz  on  a  Varian 
Model  EM  390  spectrometer.  Chemical  shifts  were  determined  rclaiivc 
to  the  CFCI,  solvent  with  positive  shifts  being  downfleld  from  CFCI}.12 
Second-order  spectra  were  analyzed  by  using  the  programs  nmrit 
and  NMRtN  by  Swalcn.1’ 

The  mass  spectra  were  recorded  with  an  EAI  Quad  300  quadrupolc 
spectrometer  at  an  ionization  potential  of  40  cV. 

Synthesis  of  TeF,OH.  Telluric  acid.  H:Te04-2H:0 or  Te(OH)*. 
was  fluorinaicd  to  give  TcF,OH  by  the  method  of  Seppclt  and  Not  he-' 
with  use  of  HSOjF  as  the  fluorinating  agent.  This  technique  calls 
for  the  use  of  distilled  HSOjF,  and  initially  we  encountered  difficulty 
in  producing  TeF,OH.  Subsequently,  it  was  discovered  that  adding 
a  few  milliliters  cf  HjO  to  the  reaction  mixture  and  heating  the  reaction 
mixture  at  160-170  °C  for  5-6  h  resulted  in  continuous  evolution 
of  TeFsOH  at  a  slow  to  moderate  rate.  Finally,  undistilled  HSOjF 
was  employed  which  furnished  TcFsOH  in  70%  purified  yield;  93.9 
mmol  of  TeFsOH  from  135  mmol  of  Tc(OH)„  and  1.75  mol  of 
HSOjF.  Fractional  condensation  was  used  for  the  final  product 
purification. 

Fluorination  of  M*TeF,0'.  The  salts  CsTeF5Ou  and  KTcFsO15 
were  treated  with  F2  in  stainless  steel  cylinders  at  low  temperature. 
Thus  CsTeF50  ( 1 .43  mmol)  and  F2  (4.46  mmol)  were  allowed  to  read 
for  8  days  at  -45  °C.  The  only  volatile  product  condensable  at  -196 
°C  was  TcF6  (0.38  mmol,  26%).  Similarly  at  -10  °C  for  2  weeks 
a  48%  yield  of  TeF(  was  obtained  from  the  cesium  salt.  When  the 
potassium  salt  (2.92  mmol)  and  F2  (4.46  mmol)  were  kept  at  -45  °C 
for  6  weeks,  again  T<*r#  (2.35  mmol,  80%)  was  the  only  volatile 
tellurium  compound  observed. 

Synthesis  of  TeFjOF  from  CsTeFjO  ind  FOSO.F.  A  30-mL 
stainless  steel  Hoke  cylinder  was  loaded  with  CsTeFjO  (3.42  mmol) 
in  Ihe  glovebox.  After  evacuation  and  cooling  of  the  cylinder  to -1 96 
°C,  FOSOjF  (2.79  mmol)  was  added  from  the  vacuum  line.  The 
closed  cylinder  was  slowly  warmed  to  -78  °C  in  a  liquid-nitrogcn-C03 
slush  bath  and  finally  kept  at  -45  °C  for  9  days.  When  the  cylinder 
was  recooled  iu  -  1 96  "C,  about  4  5  cm'  of  nor.condcnsable  gas  was 
observed  to  be  present.  This  was  pumped  away,  and  the  condensable 
products  were  separated  by  fractional  condensation  in  a  series  of 
U*lraps  cooled  at  -78,-126.  and  —196  °C.  The  -78  °C  fraction  was 
TeFjOH  (0.19  mmol)  while  the  -196  °C  fraction  was  TeFfc  (0.49 
mmol).  A  white  solid  was  retained  at  -126  °C.  which  changed  to 
a  colorless  glass  and  melted,  over  a  range  of  a  few  degrees,  near  -80 
°C  to  a  clear,  colorless  liquid.  This  material  was  identified  as  TeFjOF 
(1.91  mmol,  68%  yield)  on  the  basis  of  its  vapor  density  molecular 
weight:  found.  256.2;  calculated,  257.6.  Further  identification  was 
based  on  its  spectroscopic  properties  (see  below)  and  on  the  preparation 
of  derivatives. 14  The  observed  weight  loss  of  the  solid  (0.375  g)  agreed 
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well  wilh  lhat  calculated  (0  389  g)  for  the  conversion  of  2.79  mmol 
of  CsTcFsO  to  CsSOjF.  The  following  vapor  pressure-temperature 
data  of  Tc FjOF  were  measured  ( T  in  °C,  P  in  mm) :  -79.3,  16; -64.2, 
45.  -57.6.  63;  -46.9.  108;  -32.5.  210;  -23.0,  312. 

Synthesis  of  TeFvOF  from  TeF^OH  and  NF4HF;.  A  sample  of 
NF4MF2/jHF  (10.5  mmol)  was  prepared  and  concentrated  in  a  Teflon 
doublc-U  metathesis  apparatus,  as  previously  described.11  To  this 
reactor  was  added  TcF<OH  (10.5  mmol)  on  the  vacuum  line  at  -196 
°C.  The  mixture  was  allowed  to  warm  slowly  to  -23  °C  and  was 
kept  at  this  temperature  for  8  h  under  a  dynamic  vacuum.  The  volatile 
products  were  separated  by  fractional  condensation  through  traps  kept 
at  -95.  -126.  -142,  and  -210  °C.  On  the  basis  of  their  infrared  and 
•*F  NMR  spectra  the  following  products  were  collected  in  these  traps. 
-210  °C.  NFj  and  a  trace  of  TcFfc:  -142  °C.  TeF4  and  TcF,OF  in 
a  mole  ratio  of  about  3:1;  -126  °C.  HF  and  some  TcF^OF;  -95  °C. 
TcFjOH  and  some  HF.  The  while  solid  residue  (0  57  g)  decomposed 
during  an  attempt  to  transfer  it  at  ambient  temperature  to  a  drybox 
for  further  characterization.  The  overall  yield  of  TeF*OF  was  es¬ 
timated  to  be  about  I0-20T  with  TcF4  and  unreacted  TcF,OH  being 
the  principal  products. 

Results  and  Discussion 

Synthesis  of  TeF5OF.  By  analogy  to  previous  attempts1*1 
to  synthesize  TeF5OF  from  either  Hg(TeF,0):  or  C$TcF,0 
and  F2,  the  fluorination  of  either  CsTcFsO  or  KTeF50  with 
Fi  at  -45  to  -10  °C  was  unsuccessful  and  resulted  only  in  TeF6 
formation.  Since  the  decomposition  of  NF4XO  salts  had 
recently  been  shown  to  provide  new  high-yield  syntheses  for 
hypofluorites  such  as  FOCIO),1’  FOSO-.F.*’  and  F01F40.4 
the  synthesis  of  NF4TcFjO  by  metathesis  of  NF4SbF6  and 
CsTeFsO  in  anhydrous  HF  was  attempted.  This  attempt, 
however,  was  preempted  by  the  fact  (hat  CsTeFsO  was  found 
to  react  wilh  anhydrous  HF.  undergoing  a  displacement  re¬ 
action.  Recent  work17  in  our  laboratory  had  shown  that  even 
in  cases  of  Lewis  acids  that  are  weaker  than  HF  their  NF4* 
salts  can  be  prepared  by  treating  NF4HF2-nHF  with  this  acid. 
Therefore,  this  approach  was  studied  for  NF4TcF50  Al¬ 
though  the  NFJeFjO  salt  itself  could  not  be  isolated,  it  was 
found  thal  TeF5OH  (which  is  equivalent  to  an  equimolar 
mixture  of  the  Lewis  acid  TeF40  and  HF)  reacted  wilh 
NF4HFwiHF  at  -23  °C  to  produce  TcF,OF  in  moderate  yield; 

NF4HF2  +  TeF,OH  -*  NFj  +  TeF,OF  +  2HF 

Since  TeF6  was  the  major  product,  we  prefer  to  interpret  this 
reaction  in  terms  of  a  fluorination  of  TcFsOH  by  nascent 
fluorine  formed  in  the  decomposition  of  NF4HF2,  rather  than 
in  terms  of  a  decomposition  of  an  unstable  NF4TcF?0  in¬ 
termediate.  In  the  latter  case,  we  would  expect  a  near- 
quantitative  yield  of  TeFsOF. 

A  more  facile  high-yield  synthesis  of  TeF,OF  was  discovered 
by  reacting  CsTeF50  with  FOSOjF  at  -45  °C: 

CsTcFjO  +  FOSO:F  —  CsSOjF  +  TeF,OF 

This  reaction  represents  a  new  synthetic  route  to  liypufiuoi  iles. 
On  Ihe  basis  of  the  general  usefulness  of  the  analogous  CIO- 
SOjF  reagent  for  the  syntheses  of  hypochloriles, 21  FOSOjF 
may  be  similarly  useful  for  the  synthesis  of  hypofluorites. 

When  the  synthesis  of  TeF5OF  from  CsTeFsO  and  FOSOjF 
was  carried  out  above  -45  °C.  the  amount  of  TeF6  byproduct 
sharply  increased.  For  example,  at  -10  °C  and  with  a  reaction 
time  of  7  days,  the  TeF6  lo  TeFsOF  ratio  in  the  product 
increased  to  1:1.  The  use  of  an  excess  of  CsTeFjO  in  Ihis 
reaction  was  found  advanlageous  for  the  product  purification 
since  il  eliminates  the  need  for  separaling  TeF<OF  from 

foso2f. 


(17)  Wilson.  W.  W..  Chrisie,  K.  O.  J.  Fluorine  Chem.  1982.  19.  253. 

(18)  Sladky.  F.  O.  Monaish.  Chem.  1970.  101 ,  1571 

(19)  Christc,  K.O.;  Wilson.  W.  W  ;  Wilson.  R.  D  Inorg.  Chem.  1980.  19. 
1494 

(20)  Christc.  K.  O.;  Wilson.  R.  D.;  Schack.  C.  J.  Inorg.  Chem.  1980.  19. 
3046 

(21 )  Schack.  C.  J.;  Christc.  K.  O  hr.  J  Chem.  1978.  17.  20.  M“2 
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Figure  I.  Observed  and  calculated  l,l;  NMR  spectra  of  the  AB4  part 
of  TeF,OF. 
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Figure  2.  Observed  and  calculated  |I4F  NMR  spectra  of  the  X  part 
of  TcFjOF. 


Table  I.  Mass  Spectrum  of  TeF,01  Compared  lo  Those  of 
Tel  ,OCl  and  Tel  ,011 
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Properties  of  TeF,OF.  This  compound  is  colorless  as  a  gas 
and  liquid.  Its  vapor  pressure-temperature  relationship  for 
the  range  -79  to  -23  °C  is  given  by  the  equation 

log|P  (mm)]  =  6.9022  -  1 101.2/(7'  (k)] 

The  extrapolated  boiling  point  is  0.6  °C.  The  derived  heat 
of  vaporizalion  is  A//Vip  =  5039  cal  mol  1  and  the  Trouton 
constanl  is  18.4.  indicating  little  or  no  association  in  the  liquid 
phase.  Vapor  density  measurements  showed  that  in  the  gas 
phase  the  compound  is  also  not  associated.  We  were  not  able 
to  observe  a  sharp  melting  point  for  TeF,OF  because  our 
samples  showed  a  tendency  to  form  a  glass  near  -80  °C.  The 
compound  ippears  to  be  complelely  stable  al  ambient  tem¬ 
perature  and  has  been  stored  in  stainless  steel  cylinders  for 
more  than  4  months  wilhout  any  sign  of  decomposition. 

NMR  Spectrum.  The  ”F  NMR  spectrum  of  TeF,OF 
in  CFCIj  solution  at  28  °C  is  shown  in  Figures  l  and  2  and 
is  characters! ic  for  a  second-order  AB4X  spin  system.  A 
computer-aided  analysis  of  the  spectrum  resulted  in  the  fc1 
lowing  parameters:  <p*(A)  =  -52.5.  </>*(B4)  =  -54.0,  <£*(X' 
=  128.3,  JAB  =  180  Hz,  JAX  =  4.9  Hz,  JBX  =  19.0  Hz,  R  = 
1.20,  /iivrei*F  =  3800  Hz.  These  values  are  in  excellent 
agreement  with  those  found  for  numerous  other  covalent 
TeF,0-type  compounds.22 


(22)  Scfycli.  K.  Z.  Anorg.  Allg.  Chem  1973.  )99.  65 
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Figure  3.  Vibrational  spectra  of  TeFsOF:  trace  A,  infrared  spectrum 
of  TeFjOF  isolated  in  a  neon  matrix  (mole  ratio  400: 1)  and  recorded 
at  6  K;  traces  B  and  C.  infrared  spectra  of  the  8as,  recorded  at 
pressures  of  74  and  3  mm,  respectively,  in  a  5-cm  path  length  cell 
equipped  with  AgCI  windows  (the  very  weak  bands  at  1272,  1  105, 
640,  and  548  cm'1  in  spectrum  B  are  due  to  a  trace  of  FCIOj  resulting 
from  the  CIF,  used  for  passivation):  traces  D  and  E.  infrared  spectra 
of  the  gas,  recorded  at  pressures  of  86  and  8  mm,  respectively,  in  a 
10-cm  path  length  cell  equipped  with  polyethylene  windows  and  with 
polyethylene  windows  in  the  reference  beam;  traces  F and  G,  Raman 
spectra  of  the  liquid,  recorded  in  3  mm  o.d.  quartz  tubes  at  -55  °C 
with  the  incident  polarization  parallel  and  perpendicular,  respectively. 

Table  II.  Vibrational  Sped i a  of  TeFtOT 
ob«l  freq,  cm  1  (re I  miens4) 
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Mass  Spectrum.  The  mass  speclrum  of  TcF5OF  is  listed 
in  Tabic  I  together  with  ihe  spcclra  of  TeFjOCI  and  TeF5OH, 
which  were  measured  for  comparison.  All  of  the  lisled  frag- 
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Figure  4.  Vibrational  spectra  of  TeFjOCI:  traces  A  and  C.  infrared 
spectra  of  TeF}OCI  isolated  in  a  neon  malrix  (mole  ratio  400: 1 )  at 
6  K;  trace  B,  infrared  spectrum  of  the  gas,  recorded  at  a  pressure  of 
27  mm  in  a  5-cm  path  length  cell  equipped  with  AgCI  windows:  traces 
D  and  E,  Raman  spectra  of  the  liquid,  recorded  in  3  mm  o.d.  quarlz 
tubes  at  -80  °C  with  the  incident  polarization  parallel  and  perpen¬ 
dicular,  respecl ively;  trace  F,  spectrum  recorded  under  ihe  same 
conditions  as  for  trace  D,  except  for  a  narrower  slit  width. 

Table  III.  Vibrational  Spectra  of  Tel  ,00 
obsd  fieq.  cm  '  (tel  intern.4) 
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Tabic  IV.  ‘‘  Band  show  s  l  ine  slmetuic  w  ith  splittings  of  aboul 
1.30  cm  1  due  lo  tellurium  isotopes. 

menls  showed  Ihe  characterislic  tellurium  isotope  pattern,  and 
therefore  ihe  individual  m/e  listings  were  omitted  for  sim- 
plicily.  The  spectra  of  all  Ihree  compounds  show  weak  parent 
ions  and  TcFj+  as  Ihe  base  peak. 

Vibrational  Spectra  of  TeFjOF  and  TeFjOCI.  The  infrared 
speclra  of  gaseous  and  of  ncon-matrix-isolaled  TeFsOF  and 
the  Raman  speclra  of  liquid  and  solid  TeFsOF  were  recorded 
(see  Figure  3),  and  the  observed  frequencies  are  summarized 
in  Table  11.  Since  the  assignmenls  previously  reported21  for 
TeFjOCI  could  nol  be  reconciled  with  our  results  for  TeFsOF. 
the  vibrational  speclra  of  TeFjOCI  were  also  recorded  (see 
Figure  4  and  Table  111).  The  following  devialions  from  ihe 

(23)  Seppeib  K  Z.  Anorg.  Atlg  Chrm.  1973.  399.  87. 
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Table  IV.  Vibrational  SpcetiJ  of  Tel',01'  and  Tel  ,(X'l  and  Then  Alignment  Compared  to  Those  of  TcF,n 
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previous  literature  data-’1  were  observed,  (i)  The  infrared 
spectrum  of  the  gas  does  not  exhibit  a  very  strong  band  at  708 
cm'1  Although  our  Ne*matrix  spectra  show  the  presence  of 
two  intense  bands  ai  732  and  718  cm'1,  respectively,  their 
frequencies  are  loo  close  to  result  in  two  separate  bands  in  the 
gas-phase  spectrum,  (ii)  In  the  Raman  spectrum  of  the  liquid 
the  141'Cnr1  band  is  depolarized  and  the  809-cm  1  band  is 
polarized.  (iii)  The  infrared  spectrum  of  the  neon-matrix 
sample  shows  the  presence  of  two  fundamental  vibrations  in 
the  280-cm  1  region  (sec  trace  C  of  Figure  4). 

Using  the  well-established'4  assignments  of  TcF%CI  and  the 
revised  experimental  data  of  TcF^OCl  for  comparison,  we  can 
readily  assign  the  vibrational  spectra  of  TeF^uF  (see  Table 
IV).  assuming  a  model  with  C*.  symmetry  for  the  TeF.O  part 
and  C\  symmetry  for  the  TeOF  part  of  the  molecule: 


Except  for  the  symmetric  out  of  phase,  out  of  plane  TeF4 
deformation  mode  in  species  Bh  which  is  usually  not  observed 
for  pseudooctahedral  molecules  and  is  inactive  under  Ok 
symmetry,  all  fundamentals  expected  for  the  above 
model  were  observed.  The  assignments  (see  Tabic  IV)  are 
straightforward  and  show  for  the  three  molecules  almost 
identical  frequencies  for  the  TcF,  part  of  the  molecules.  The 
modes  involving  the  XY  group  of  thisTeF^XY  molecule  show 
the  expected  mass  effects  for  different  X  and  Y  groups.  Since 


(241  Brooks.  W.  V.  F.;  Eshaque,  M.;  Lau.  C.r  Passmore.  J.  Can.  J.  Chem. 
197*.  .14.  817. 


the  Te-O  stretching  mode  is  expected  to  couple  strongly  with 
the  O-Hal  stretch  and  to  couple  moderately  with  fl,(TeF4) 
(A,).'*  these  modes  also  exhibit  a  mass  effect. 

Comparison  of  the  assignments  of  Table  IV  with  those 
previously  given2  ’  for  TeF^OCI  shows  that  with  the  exception 
of  1*7  (B-)  and  all  the  previously  given  assignments  for  the 
deformation  modes  should  be  revised.  Since  a  thorough 
normal-coordinate  analysis  has  previously  been  carried  out-'4 
for  TeF,Cl  and  since  the  TcFjCI  and  TeF^XY  spectra  are 
similar,  a  normal-coordinate  analysis  of  the  latter  molecules 
appears  unwarranted, 

Conclusion.  The  results  of  this  study  show  that  FOSO*F 
is  a  useful  reagent  for  the  synthesis  of  hypofluorites.> 
Furthermore,  it  is  shown  that  TeF\OF,  as  expected  front 
comparison  with  TeF\OCl,  TcF,OBr.  and  F0IF40.  indeed 
exists  and  is  a  stable  molecule.  The  TeF.OF  molecule  was 
characterized,  and  the  vibrational  assignments  were  made  for 
TcFsOFand  TcF,OCI. 
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In  conclusion,  we  have  identified  three  crystalline  forme 
of  NjOt.  We  believe  that  a-NjO*  is  identical  with  the 
low-temperature  crystal  already  reported.  The  d*N70« 
form  is  new,  and  we  are  currently  working  to  obtain  its 
crystal  structure.  We  know,  however,  that  this  form  is  not 
cubic,  that  it  has  a  significant  N-N  bond  alignment  lacking 
in  a  a-NjO„  and  that  it  converts  readily  to  the  ionic 
structure.  The  third  form  of  N20«  is  the  ionic  NO*NOj". 
which  is  apparently  the  thermodynamically  favored 
atructure  at  high  density.  It  is  obtained  upon  either  rsradJy 
increasing  the  pressure  of  fluid  Nj04  or  increasing  the 
pressure  of  d-NjO,  above  20  kbar.  Indeed,  it  is  the  only 
well-formed  single  a-N;04  crystals  that  can  survive  at 


higher  than  20  kbar.  Work  is  now  in  progress  to  identify 
the  crystal  structures  of  these  various  solida  by  X-ray 
diffraction. 

Soft  Added  in  Prvof.  We  have  recently  become  aware 
of  work  by  Bo'.dman  and  Jodi10  alto  concerning  the 
production  of  NO*  NO/  from  N,04.  In  this  work  the 
metastable  ionic  solid  was  trapped  in  a  low-temperature 
neon  matrix. 
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APPENDIX  N 

Far- Infrared  Laser  Magnetic  Resonance  Detection  of  F02 
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New  far-infrared  User  magnetic  resonance  (LMR)  spectrs  have  been  detected  in  the  reactions  of  fluorine  atoms 
with  02  and  Oy  These  are  assigned  to  the  FOj  radical  based  on  chemical  and  kinetic  results  and  on  s  qualitative 
spectroscopic  investigation.  Thermal  decomposition  of  OjSbFg,  a  known  source  of  FO}.  also  yielded  the  same 
spectra. 


Introduction 

The  FO  radical  has  not  been  as  extensively  studied  as 
the  other  diatomic  halogen  oxidea.  The  first  structural 
parameters  for  the  radica1  in  the  gas  phase  were  deter¬ 
mined  only  recently  from  the  IO-mcd  laser  magnetic  reso¬ 
nance  spectrum  of  the  *n  ground  state.1 3  Subsequent 
photoelectron  spectroscopy  yielded  ionization  potentials,* 
and  improved  vibrational  and  rotational  parameters  have 
been  determined  from  infrared  diode  laser  spectroscopy 
by  McKellar  et  al.s 

Prior  to  these  investigations  the  microwave  spectrum 
had  been  searched  for  unsuccessfully  by  gas-phase  electron 
paramagnetic  resonance  spectroscopy.4  The  relatively 
high  concentrations  of  FO  measured  mass  spectrometri- 
cally5  and  the  much  enhanced  sensitivity  of  far-infrared 
laser  magnetic  .eso nance  over  microwave  spectroscopy  led 
to  the  present  search  for  F0  spectra  by  LMR  During  this 
investigation  strong,  previously  unreported  spectra  were 
detected  at  many  laser  frequencies.  Based  cm  chemical  and 
qualitative  spectroscopic  evidence  the  carrier  of  these 
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TABLE  1:  Source  Reactions  and  Far-IR  Li_*r  Line* 
Used  to  Detect  FO.  Spectra* 

source  resetion 


wavelength. 
v  m 

laser  gas 

F  ♦  O, 

F  ♦  O,  ♦ 
M 

119 

CH  OH 

X 

170 

CH,OH 

X 

354 

CD,OD 

X 

X 

383 

CH.F, 

X 

X 

419 

HCOOH 

X 

433 

HCOOH 

X 

502 

C,H,F 

X 

X 

513 

HCOOH 

X 

634 

C,H,CI 

X 

X 

635 

C.H  ,Br 

X 

X 

742 

HCOOH 

X 

"  X  indicate*  spectra  obaerved. 


spectra  is  identified  as  the  FO;  radical. 

LMR  Spectra  and  Assignment 
The  LMR  spectrometers  operated  on  a  large  number  of 
far-infrared  molecular  laser  lines  excited  by  optical 
pumping  with  flowing  gas  CO;  lasers.  Further  details  of 
these  instruments  have  been  published  elsewhere.4,7  With 
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Flyura  2.  Pan  of  (he  LMR  apactrum  at  634  in  parpanocuiar 
polarization  batwaan  0.3  and  0  5  T  Idanfcal  apacfra  wara  racordad 
In  both  F  +  0,  and  F  +  0,  +  M  tour  oat 

He- cooled  bolometer  detectora,  1-2-kHz  Zeeman  modu¬ 
lation,  and  phase-sensitive  detection,  the  sensitivity  for  OH 
was  -2  x  lOVcm.3 

Initially  the  reaction  of  F  atoms  with  ozone  was  selected 
for  generating  high  concentrations  of  FO4 

F  +  03  -  FO  +  Oj  AH0, oo  -  -110  kJ  mol’1  (1) 

Mixing  occurred  within  a  few  milliseconds  of  the  center 
of  the  LMR  sampling  region,  which  was  part  of  a  fast  flow 
system  inside  the  far*IR  laser  cavity.  Under  these  con¬ 
ditions  the  concentration  of  FO  is  known4  to  be  >2  x 
10,3/cm.3 

Suitable  laser  lines  for  FO  in  both  v  »  0  and  1  levels  were 
selected  for  rotational  transition  frequencies  calculated 
from  the  10-pm  data.1,3  Spectra  were  detected  at  11 
wavelengths  between  119  and  742  *im  (Table  I).  They 
usually  consisted  of  complicated  patterns  (Figures  1  and 
9)  with  occasional  douhlet  splittings  of  ~50  G  (Figures  3 
and  4).  All  the  spectra  behaved  identically  with  respect 
to  reactant  concentrations,  pressure,  etc.  indicating  that 
a  single  carrier  was  responsible. 

The  complexity  and  extent  of  these  apectra  suggested 
that  FO  was  not  the  carrier  and  an  alternative  source, 
reaction  2,  was  tried.  This  reaction  gave  identical  but 

F  +  02  +  M  =  F02  +  M  (2) 

more  intense  spectra.  Zetzsch8  has  reported  a  kinetic  study 
of  (2)  using  mass  apectroscopy  and  shown  that  (2)  is  fol¬ 
lowed  by  reaction  3  which  partly  removes  F02.  It  was  also 

F  +  FOj  =  F;  +  02  (3) 

found4  that  F02  formed  in  (2)  increased  steadily  with  re¬ 
action  time  and  identical  behavior  was  observed  with  the 

(8)  C.  Zctxach,  ‘European  Symposium  on  Combustion*,  1973.  p  35. 
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Figure  4.  Perl  of  the  LMR  spectrum  at  513  *im  in  perpendicular 
polarization  stow.tg  a  floublel  splitting  ot  (ha  Una*. 

spectra  reported  here.  If  the  LMR  spectra  arise  from  FO? 
formed  in  the  three-body  reaction  2  their  intensity  should 
also  increase  linearly  with  pressure  and  with  Oj.  Both 
effects  were  qualitatively  observed,  for  example,  in  the 
spectra  at  382.6  #im  (Figure  3)  recorded  at  two  different 
pressures. 

In  addition  to  F02  small  concentrations  of  FO  were 
detected  in  the  mass  spectrometric  study.1  These  were 
though  to  arise  from  reaction  with  an  O-atom  impurity  in 
the  rapid  interaction 

O  +  F02  «  FO  +  02  (4) 

This  reaction  was  also  used  to  test  the  assignment.  When 
oxygen  atoms  were  added  through  a  second  discharge  the 
new  spectra  disappeared  and  the  02  LMR  signals  increased 
in  intensity.  The  presence  of  the  same  but  weaker  spectra 
in  the  F  +  03  system  is  accounted  for  by  the  known* 10 
bimolecular  reaction  of  FO  with  itself  (reaction  5),  followed 
by  reaction  2,  and  also  by  the  reaction  of  FO  with  Oa. 

FO  +  FO  •  02  +  2F  (5) 

Supplementary  evidence  was  provided  by  using  a  quite 
different  source  of  the  radical.  It  has  been  shown1 117  that 

I9l  Hg  Gg  nagTwr.  J.  WamaU.  and  C.  Zeu:-ch.  Aigru .  Chtm.,  Int.  Ed. 
Engl..  10.  564  (19711. 

(10)  M.  A  A  Clynr  and  R.  T.  Wauon.  Chtm  Ph\t.  Lett.,  12.  344 
(1971). 

(11)  R.  D.  Coomb*.  D.  Pilipovich.  and  R.  K  Horne.  J.  Phyt.  Chtm  , 
82.  2484  (1978). 
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thermal  decomposition  of  02AaI‘g  and  Oj$hFg  is  a  source 
of  FOj.  A  weak  spectrum  identical  with  that  in  Figure  3 
waa  obtained  when  a  sample  of  O^bF,  was  heated  to 
ahout  200  °C  and  the  products  pumped  rapidly  into  the 
spectrometer  sample  region. 

Supporting  spectroscopic  evidence  comes  from  the 
doublet  splittings  observed  in  a  small  number  of  spectra 
indicating  the  presence  of  a  single  /  =  l/2  nucleus.  These 
splittings  are  about  SO  G  (Figure  4)  and  much  smaller  than 
expected  for  FO.  KSR  spectra  of  F02  in  an  inert  matrix 
and  in  the  liquid  phase  yield  values13  of  |A|  -  36  MHz 
(12  83  G"1  and  fl,  =  ±252,  R  =  *177,  and  Bj  *  *75  MHz 
for  the  fluorine  hype’-fine  splittings  Gas-phase  hyperfine 
splittings  cannot  be  calculated  from  this  data  without  an 
exact  rotational  assignment  but  the  relative  magnitude  of 
isotropic  and  anisotropic  components  accounta  qualita¬ 
tively  lor  observed  splittings  several  times  larger  than  A 
itself.  Assuming  the  same  geometry  suggested  by  Adrian13 
we  have  calculated  the  rotational  levels  and  transitions  of 
FO*.  Both  a-  and  b-type  transitions  are  allowed  and  for 
each  laser  frequency  several  possible  candidates  exist. 
However,  these  predictions  are  strongly  dependent  on  the 
assumed  geometry  and  not  surprisingly  transitions  occur 
in  high  rotational  levels  accounting,  in  part,  for  the  com¬ 
plexity  of  the  spectra. 

Discussion 

The  discovery  of  strong  LMR  spectra  in  the  ges  phase 
attributable  to  F02  rather  than  FO  is  not  surprising  con¬ 
sidering  the  ubiquitous  presence  of  F02  in  the  condensed 
and  liquid  phases.  13"l9-ia~19  Recently,  McKellar19  has 
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(1965) 

(16)  A.  Arkell.  J  Am.  Chem.  Soc.,  87,  4057  (1965). 


measured  the  electric  dipole  moment  of  FO  using  10-pJ 
LMR  In  the  v  *  0  level  it  is  0.0043  D  which  explains  thj 
elusive  nature  of  its  rotational  spectra.  Following  thJ 
initial  experiments®  on  F02  the  far-infrared  LMR  spectra 
of  CIS0  and  FSO  have  been  reported.2’  FSO  has  alM 
been  investigated  by  microwave  spectroscopy22  which  hai 
enabled  an  assignment  of  its  5 13- pm  LMR  spectrum  to  b< 
made.  Some  of  the  F02  spectra  are  strikingly  similar  U 
both  FSO  and  C1SO  spectra,  i.e.,  many  sharp  resonance! 
varying  steadily  in  intensity  (Figures  1  and  2).  The  com¬ 
plexity  of  these  Zeeman  patterns  suggests  that  the  be*1 
approach  initially  for  structure  determination  will  b« 
microwave  spectroscopy  or  tunable  laser  spectroscopy  La 
the  mid  infrared,  and  results  have  recently  been  reported 
on  two  of  the  fundamentals  of  FOj  using  diode  laser 
spectroscopy.23  The  discovery  of  these  quite  intense 
far-infrared  LMR  spectra  of  F02  may  well  explain  the 
origin  of  many  unassigned  LMR  spectra  at  524  25  and  10 
pm1  in  systems  containing  fluorine  atoms. 
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CHLORYL  FLUORIDE 

6NaC!03  +  4CIF3 - »—6NaF  +  2C12  +  302  +  6C102F 
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Chloryl  fluoride  is  the  most  common  chlorine  oxyfluoride.  It 
is  always  encountered  in  reactions  of  chlorine  mono-,  tri-, 
or  pentaf luorides  with  oxides,  hydroxides  or  poorly  passivated 
surfaces.  It  was  first  obtained^  in  1942  by  Schmitz  and 
Schumacher  by  the  reaction  of  C102  with  F2>  Other  methods 
involve  the  reaction  of  KC103  with  either  BrF3  or  ClF^’^. 

The  simplest  method^  involves  the  reaction  of  NaCl03  with  C1F3, 
resulting  in  the  highest  yields  and  products  which  can  readily 
be  separated. 

Procedure 

■  Caution.  The  hydrolysis  of  CIQqF  can  produce  shock  sensitive 
Cl02-  Therefore,  the  use  of  a  slight  excess  of  C1F3  is  recommended 
for  the  synthesis  to  suppress  any  C102  formation.  Chlorine  tri¬ 
fluoride  is  a  powerful  oxidizer  and  ignites  most  organic  substances 
on  contact .  The  use  of  protective  face  shields  and  gloves  is 
recommended  when  working  with  these  materials. 

Dry  sodium  chlorate  (30  mmol  3.193g)  is  loaded  in  the  dry  box  into 
a  30-mL  high-pressure  stainless  steel  Hoke  cylinder  equipped  with 
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a  stainless  steel  Hoke  valve.  The  cylinder  is  connected  to  a 
stainless  steel  Teflon  FEP  vacuum  manifold  (Fig.  X)  which  has 
been  well  passivated  with  CIF^  until  the  CIF^,  when  condensed 
at  -196°,  shows  no  color.  The  cylinder  is  then  evacuated  and 
CIF^  (21.5  mmol)  is  condensed  into  the  cylinder  at  -196°. 

Next,  the  cylinder  is  allowed  to  warm  to  room  temperature  and 
is  kept  at  this  temperature  for  one  day.  The  cylinder  is  then 
cooled  back  to  -196°  and  during  subsequent  warm-up  of  the  cylinder 
the  volatile  products  are  separated  by  fractional  condensation  in 
a  dynamic  vacuum  through  a  series  of  U-traps  kept  by  liquid  ^ 
slush  baths  at  -95°  (toluene),  -112°,  (CS2),  and  -126°  (methyl- 
cyclohexane).  The  trap  at  -95°  contains  only  a  trace  of  chlorine 
oxides,  the  trap  at  -112°  contains  most  of  the  CIC^F  (29  mmol) 
and  the  trap  at  -126°  (7  mmol)  contains  mainly  CI2  and  some 
CIO2F.  The  yield  of  CIC^F  is  almost  quantitative  (29.4  mmol, 

987»)  based  on  the  limiting  reagent  NaClO^.*  The  purity  of  the 
material  is  checked  by  infrared  spectroscopy  in  a  well  passivated 
Teflon  or  metal  cell  equipped  with  AgCl  windows  and  should  not 
show  any  impurities.  A  small  amount  of  chlorine  oxides  which  can 
readily  be  detected  by  their  intense  color  if  present  or  formed 
during  handling  of  CIC^F,  can  readily  be  removed  by  either  con¬ 
version  to  CIC^F  with  elemental  F2  or  by  allowing  them  to  decompose 
to  CI2  and  O2  during  storage  at  ambient  temperature.  Chloryl 
fluoride  can  be  stored  in  a  metal  vessel  at  room  temperature 
for  long  time  periods  without  significant  decomposition. 

Properties^ 

Chloryl  fluoride  is  a  colorless  liquid  boiling  at  -6°.  The  infrared 
spectrum  of  the  gas^  shows  the  following  major  bands  (cm”1):  1271(vs) , 


Available  from  Ozark  Mahoning  Co.,  1870  So.  Boulder,  Tulsa,  OK  74119 

*  The  checker  used  one-third  of  the  stated  scale  and  obtained 
CIO2F  in  a  yield  of  957c. 
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H06(ms),  630(s)  and  547(ms).  The  NMR  spectrum^  of  the  liquid 
at  -80°C  consists  of  a  singlet  at  315  ppm  downfield  from  external 

cfci3. 
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Fig.  X.  Typical  metal-Teflon  vacuum  system  used  for  handling 

strongly  oxidizing  or  corrosive  fluorine  compounds . 

As  the  vacuum  source  A,  a  good  mechanical  pump 
-4 

(10  torr  or  better)  is  normally  sufficient.  The 
use  of  a  fluorocarbon  oil,  such  as  Fomblin  (Montedison). 
Krytox  (Du  Pont),  or  Halocarbon  (Halocarbon  Products 
Corp.)  as  a  pump  oil  is  strongly  recommended  for  safety 
reasons.  B,  glass  waste  trap  with  glass  or  Teflon 
stopcocks  and  a  detachable  bottom;  only  fluorocarbon 
grease  should  be  used  for  the  stopcocks  and  joint;  the 
trap  is  kept  cold  by  a  dewar  with  liquid  nitrogen; 
great  care  must  be  taken  and  a  face  shield  and  heavy 
leather  gloves  must  be  worn  when  pulling  off  the  cold 
lower  half  of  the  waste  trap  for  disposal  of  the  trapped 
material  by  evaporation  in  a  fume  hood.  The  glass  waste 
trap  can  be  connected  to  the  metal  line  by  either  a 
glass-metal  joint,  a  graded  glass-metal  seal,  or  most 
conveniently  by  a  quick  coupling  compression  fitting  with 
Viton  0-ring  seals;  C,  scrubber  for  removal  of  fluorine; 
the  scrubber  consists  of  a  glass  tower  packed  with 
alternating  layers  of  NaCl  and  soda  lime  which  are  held 
in  place  by  plugs  of  glass  wool  at  either  end;  the  valves 
E  are  arranged  in  such  a  manner  that  the  scrubber  can 
be  by-passed  during  routine  operation;  D,  Teflon  FEP 
(f luoro-ethylene-propylene-copolymer)  or  PFA  (polyper- 
fluoroether)  U-traps  made  from  1/2  or  3/4  inch  o.d. 
commercially  available  heavy  wall  tubing,;  all  metal 
lines  are  made  from  either  316  or  321  3/8  inch  o.d. 
stainless  steel  or  Monel  tubing,  except  for  the  lines  from 
the  U-traps  to  the  Heise  gage  J  for  which  1/4  inch  o.d. 
tubing  is  preferred;  stainless  steel  bellows  valves  E, 
such  as  Hoke  Model  4200  series,  are  used  throughout  the 
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whole  line;  metal-metal  or  metal-Tef Ion  connections  are 
all  made  with  either  flare  or  compression  (Swagelok  or 
Gyrolok)  compression  fittings;  F,  lecture  bottle  of 
CIF^  (Air  Products)  used  for  passivation  of  the  vacuum 
line;  G,  He  gas  inlet;  H,  F2  gas  inlet;  I,  connectors 
for  attaching  reaction  vessels,  reagent  containers, 
etc.;  J.  Heise  Bourdon  tube  pressure  gage  (0- lOOOmmiO .  17.)  ; 
K,  crude  pressure  gage  (0-5  atm);  L,  2  liter  steel  bulbs 
used  for  either  measuring  or  storing  larger  amounts  of 
gases;  M,  3/8  inch  o.d.  metal  U-tubes  to  permit  conden¬ 
sation  of  gases  into  the  storage  bulbs  L;  N,  infrared 
cell  for  gases,  Teflon  body  with  condensing  tip,  5  cm 
pathlength,  AgCl  windows.  The  four  U- traps  D,  connected 
in  series  constitute  the  fractionation  train  used  routinely 
for  the  separation  of  volatile  materials  by  fractional 
condensation  employing  slush  baths  of  different  tempera¬ 
tures.  The  volumes  of  each  section  of  the  vacuum  line 
are  carefully  calibrated  by  PVT  measurements  using  a 
known  standard  volume. 
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Synthesis  of  /V,jV*Difluoro-0-perfluoro»lkylhydroxybmii»es.  1.  Reaction  of 
Perfluoroalkyl  Hypofluorites  with  Difluoramine 

WALTER  MAYA.'1 2 3 4  DONALD  PILIPOVICH.'^  MICHAEL  G.  WARNER.'1  RICHARD  D.  WILSON, 
and  KARL  O.  CHRISTE* 

Rrcfutd  June  14,  1982 

Perfluoroalkyl  hypofluorites  react  with  difluoramine  in  the  presence  of  alkali-metal  fluoride*  to  produce  the  corresponding 
-ON  Fj-subitituted  pcrfluoroalkanes.  This  method  was  used  to  prepare  the  prototype  compounds  CFjONFj.  (CF,)jCFONF2. 
CFj{ONF2)3.  and  FOCFjONF}.  Physical  and  spectroscopic  properties  are  reported  for  these  compounds  including  vibrational 
assignments  for  CF>ONF2,  the  simplest  member  of  this  class  of  compounds. 


(■traduction 

Although  Ihc  existence  of  NFjO  has  been  known  for  more 
than  20  years.2  only  a  few  RONF2  compounds  have  been 
reported,  e  g.  CF,ONF,.  FC(0)0NF;.  SF,ONF:.  and  FS- 
OjONF*  usually  prepared  by  the  combination  of  NF,  and  RO 
radicals  genera  led  from  N2F«  and  the  corresponding  peroxides 
or  hypohalites,  respectively.’  In  1964  sludies  al  Rorketdync 
showed  lhai  the  low-icmpcraiure  reaction  of  alkali-metal 
fluonde-difluoramine  adducts  with  fluorocarbon  hypofluoriles 
provides  a  new  synthetic  roulc  lo  -ONFj-substituied  fluoro¬ 
carbons.  However,  cxccpi  for  a  brief  and  incomplete  dc- 
script  ion  of  some  of  the  results  in  a  U  S.  palcnl,*  these  dala 
remained  unpublished.  In  this  paper,  we  presen  I  a  full  account 
of  this  and  some  subsequent  work  in  our  laboralory. 

Experimental  Section 

Cauiiort  Difluoramine  is  highly  explosive.’  and  protective  shielding 
should  be  used  during  handling  operations.  The  compound  was  always 
condensed  at  -142  *C.  and  the  use  of  a  -1%  *C  bath  for  condensing 
HNF}  should  be  avoided  *  Furthermore,  the  CsF-HNF2  adduct 
invariably  explodes  before  reaching  0  mC.7 8 9 10 

Materials  and  Apparatus.  Volatile  materials,  except  for  HNF2, 
were  manipulated  in  a  passivated  (with  ClFj)  stainless-steel  vacuum 
line  equipped  with  Teflon  FEP  U-traps  and  316  stainless-steel  bel- 
lows-seal  valves  and  a  Heise  Bourdon  tube-type  pressure  gauge. 
Difluoramine  was  handled  in  either  a  Pyrcx  glass  or  an  all-Veflon 
PFA  vacuum  system.  The  hypofluorites  CFjOF,  (CF,)2CFOF.  and 
CFjlOFIj"  and  difluoramine*  were  prepared  by  literature  methods. 
The  alkali-metal  fluorides  were  dried  by  fusion  in  a  platinum  crucible 
and  then  cooled  and  powdered  in  the  dry  N2  atmosphere  of  a  gkwebox. 

Infrared  spectra  were  recorded  in  the  range  4000-200  cm"1  on  a 
Perkin-Elmer  Model  283  spectrophotometer  calibrated  by  comparison 
with  standard  gas  calibration  points. Ift"  and  the  reported  frequencies 


(1)  Present  addresses;  (*)  Department  nf  Chcmwlry.  Californis  Stste 
Polytechnic  llniveiiily.  Pomona,  CA  91768;  (b)  MVT,  Microcomputer 
Systems.  Inc  .  Westlake  Village.  CA  91361;  (c)  Jacobs  Engineering 
Group.  Inc.,  Pasadena,  CA  91 101. 

(2)  NF,0  was  independently  discovered  in  1961  at  Rockctdyne  (Maya.  W. 
US.  Patent  3320147. 1962)  and  Allied  Chemical  (Fox.  W.  B.;  MacK- 
enzie,  J.  S.:  Vaanderkooi,  N.;  Sukornick,  B.;  Wamser,  C.  A.;  Holmes, 
J.  R.:  Eibeck.  R.  E.;  Stewart.  B.  B.  J.  Am.  Che m.  Soc.  194*.  88,  2604) 
and  in  1965  at  the  University  of  British  Columbia.  Vancouver  (Bartlett. 
N.;  Passmore.  J.;  Wells.  E.  J.  CArm.  Commun.  1966.  213). 

(3)  For  a  review  of  these  reactions  aee;  SchmutzJer,  R.  Angew  Ckem.,  Ini. 
Ed.  Engl.  1968,  7,  440. 

(4)  Pilipovich,  D.;  Warner.  M.  G.  U.S.  Patent  3663  588.  1972. 

(5)  Lawless,  E.  W.;  Smith,  I.  C.  “Inorganic  High  Energy  Oxidizers';  Marcel 
Dekker:  New  York,  1968;  p  69. 

(6)  Lawton,  E.  A.;  Weber,  J.  Q.  J.  Am.  Che m.  Sor.  1963,  85,  3595. 

(7)  Lawton,  E.  A.;  Pilipovich,  D.;  Wilson,  R.  D.  Inorg.  Chem.  1965,  4, 1 18. 

(8)  Ruff,  J.  K;  Pitochelli,  A.;  LusUg,  M.  J.  Am.  Chem.  Soc.  1966, 88, 4531. 
Lustig,  M.;  Pitochelli.  A.  R ;  Ruff,  J.  K  Ibid.  1967, 89,  2841. 

(9)  Hohorst,  F.  A.;  Shreeve,  J.  M.  J.  Am.  Chem.  Soc.  1967,  89,  1810. 

(10)  Wyler,  E.  K.;  Danli.  A.;  Blaine,  L.  R.;  Tidwell,  E.  D.7.  Res.  Nail.  Bur. 
Stand.,  Sect.  A  I960.  64,  841 . 

(11)  International  Union  of  Pure  and  Applied  Chemistry,  “Tables  of 
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worths:  Washington,  DC,  1961.  . 


Table  1.  Rcaktton  of  Perfluoroalkyl  Hypofluorites  with  11NF,  in 
the  Presence  of  Kl a 


starting  materials  (mole  ratio)  product  yield.  9f 


(  I  I01.I!N1:I(I:I)  Cl  .ONI  ,  10 

(Cl  ,),CI  OI  MINI  ,  (1:1)  (Cl  .I.CI  ONI  .  |0 

CF,(OI  >;.HN1  ,  (1:2)  (T.(ONI  ,),  *  10-20 

Cl1(OlMONI,  S-10 

I  F,<0| MONK,.  HN1  ,  (1:2.51  Cl  ^ONl  ,),  20-I006 


“  In  all  reactions,  except  for  that  indicated  in  footnote  b,  HNF,- 
KF  was  performed  at  -  78  *C  with  uk  of  using  a  large  excess  of 
KF;  the  perfluoroalkyl  hypofluorites  were  added  at  - 1 26  or  - 142 
*C,  and  the  mixtures  were  allowed  to  warm  slowly  to  -  80  *C  over 
a  period  of  several  hours.  b  The  quantitative  yield  ol  Cl  .(ONI ,), 
was  achieved  by  cocondensation  of  the  starting  materials  over  K1 
(see  text). 

are  believed  to  be  accurate  to  *2  cm*1.  The  spectra  of  gases  were 
obtained  by  using  a  Teflon  cell  of  5-cm  path  length  equipped  with 
AgCI  windows.  The  spectra  of  matrix-isolated  CFjONF2  were  ob¬ 
tained  at  6  K  with  an  Air  Products  Model  DE202S  helium  refrigerator 
equipped  with  Csl  windows.  Research  grade  Ar  (Mathcson)  was  used 
as  a  matrix  material  in  a  mole  ratio  of  300: 1 . 

The  Raman  spectra  were  recorded  on  a  Cary  Model  83  spectro¬ 
photometer  using  the  488- nm  exciting  line  of  an  Ar  ion  laser  and  a 
Claasscn  filler12 *  for  the  elimination  of  plasma  lines.  Quartz  tubes 
(3-mm  o.d.),  closed  by  a  metal  valve,  were  used  as  sample  containers 
in  Ibe  transverse-viewing,  transverse-excitation  technique.  A  previously 
described11  device  was  used  for  recording  the  low-temperature  spectra. 
Polarization  measurements  were  carried  out  by  method  VJJI  as  de¬ 
scribed  by  Claasscn  el  al.12 

The  ”F  NMR  spectra  were  recorded  at  84.6  MHz  on  a  Varian 
Model  EM  390  spectrometer.  Chemical  shifts  were  determined  relative 
to  the  CFCIj  solvent  with  positive  shifts  being  downfield  from  CFClj.14 

Mass  spectra  were  recorded  with  a  CEC21-103C  mass  spectrometer 
modified  with  a  metal  inlet  system.  CEC  Part  No.  285400. 

Syntheses  of  R(ONF2  Compounds.  Most  reactions  between  the 
peifluuiodlkyl  hypofluoriles  and  HNF2  were  carried  out  according 
lo  the  following  general  procedure.  Finely  powdered  dry  KF  (2  s) 
was  loaded  in  the  drybox  into  a  300-mL  Pyrcx  reactor.  Difluoramine 
(4  mmol)  was  added  from  the  glass  or  Teflon  line  to  the  reactor  at 
-142  DC.  The  mixture  was  warmed  briefly  to  -78  *C  and  then 
recooled  to  -142  #C.  The  reactor  was  transferred  to  the  metal  line, 
and  a  slightly  less  than  stoichiometric  amount  of  perfluoroalkyl  hy- 
pofluorite  was  added  at  -1 42  #C.  The  mixture  was  allowed  to  warm 
slowly  over  several  hours  to  -78  *C.  The  volatile  products  were 
separated  by  fractional  condensation  through  a  series  of  cold  traps 
kept  at  appropriate  temperatures.  The  amounts  of  material  were 
determined  by  PVT  measurements  and  identified  by  spectroscopic 
techniques.  Typical  reaction  conditions  and  yields  are  summarized 
in  Table  I. 

Synthesis  of  F2C(ONF2)2  In  a  Flow  System.  In  a  vacuum  line,  a 
U-trap  filled  with  glass  beads  coated  with  KF  was  kept  at  -1 1 2  *C; 


(12)  Gaassen,  H.  H.;  Selig,  H.;  Shamir,  J.  Appl.  Spectrosc.  1969,  23,  8. 

(13)  Miller.  F.  A,;  Himey,  B.  M.  Appl.  Spectrosc.  1970,  24,  271. 

(14)  Pure  Appl.  Chem.  1972,  II.  1215. 
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on  either  side.  U-irsps  were  kept  el  -t42  *C  to  condense  products. 
A  mixture  of  FjC(OF)j  (670  mmoi)  end  HNF2  (6.70  mmoi)  «u 
passed  through  the  system.  The  rcacusu  were  condensed  at  -142 
*C  allowed  to  pass  through  the  cold  traps  and  KF  trap  by  warming, 
and  recondensed  st  -142  *C.  The  operation  was  repeated  several 
times.  The  products  were  separated  by  fractional  condensation  through 
traps  kept  at -142  and -196  *C.  The-t42*C  trap  contained  0.45 
mmol  of  a  mixture  of  FjC(ONFj)3  and  FOCFjONFj.  In  the  -196 
•C  trap,  there  was  left  6  52  mmol  of  a  mixture  of  FjC(OF)j,  N2F*. 
and  NF,. 

Re— ks  and  Dtomaaina 

Syntheses  of  R/ONFj  Csafooda  Perfluoroalkyl  bypo- 
fluorites  react  with  alkali-metal  flvwndc-HNFj  adducts  al  low 
temperatures  to  produce  the  corresponding  -ONFrsubatituted 
perfluoroalkanes: 

R(OF  +  MFHNFj  *C»  R,ONF2  +  MF  HF 

The  generality  of  this  reaction  was  demonstrated  by  the  syn¬ 
thesis  of  a  primary  (CF3ONF2).  a  secondary  }(CF3)2CFON- 
F2J.  a  gcminal  bis-substituted  {CF2(ONF2)2J,  and  a  gcminal 
-OF-substituted  (FOCF2ONF)  /V./V-difluoro-O-perfluoro- 
a  lk  yl  hydroxyl  a  mine.  It  was  found  important  to  preform  the 
alkali-metal  fluoride-difluoramine  adduct  because  in  the  ab¬ 
sence  of  alkali-metal  fluorides  most  of  theae  bypofluorites  react 
uncontrollably  and  sometimes  explosively  with  HNF2  to  give 
zero  yields  of  the  desired  -ON  F^substituted  products.  A  study 
of  tbe  effect  of  different  alkali-metal  fluorides  showed  that 
KF-,  RbF-  aod  KF-NaF  mixtures  were  all  equivalent;  CsF 
afforded  only  traces  of  the  desired  compounds  and  is  also  less 
desirable  because  of  the  tendency  of  its  HNF2  adduct  to  ex¬ 
plode  before  reaching  0  *C.7  Sodium  fluoride  alone  and  UF 
were  not  examined  because  they  do  not  form  an  adduct  with 

hnf2.7 

The  yields  of  R<ONF2  in  these  reactions  were  generally  low 
and  were  in  the  10-20%  range,  except  for  the  reaction  of 
CF2(OF)ONF2  with  HNF2.  When  this  reaction  was  carried 
out  with  preformed  KFHNF2,  the  yield  of  CF2(ONF2)2  was 
low,  but  it  was  found  that  CF2(OF)ONF2  and  HNF2  could 
be  premixed  without  reaction  and  after  cocondensation  over 
KF  at  -142  *C  and  slow  warm-up  to  -78  *C  produced 
CF2(ONF2)2  in  quantitative  yield.  The  generally  low  yields 
and  the  nature  of  the  main  products  (COF2,  CFjCFO,  CFj- 
COCFj,  CF4,  N2F4i  NFj,  etc.)  suggest  a  free-radical  mech¬ 
anism  for  tbese  reactions.  For  CF2(OF)2  and  HNF2  a  flow 
reaction  was  also  studied  by  repeatedly  passing  an  equimolar 
mixture  of  the  starting  materials  over  KF  at  -1 1 2  °C.  Al¬ 
though  CF2(ONF2)2  and  CF2(OF)ONF2  were  formed,  their 
yields  were  considerably  lower  than  those  obtained  in  a  static 
system 

Since  for  CF3ONF2  the  synthesis  from  CFjOF  and  N2F4 
under  the  influence  of  UV  radiation1 5,6  is  clearly  superior  to 
the  method  reported  here,  we  examined  the  analogous  reaction 
between  CF2(OF)2  and  N2F4  under  the  influence  of  water- 
filtered  UV  radiation.  However,  no  evidence  could  be  obtained 
for  the  formation  of  either  CF2(OF)ONF2  or  CF2(ONF2)2. 
The  only  -ONF2  compound  formed  was  a  small  amount  of 
CFjONF2,  with  COF2  and  FNO  being  the  major  products. 
Therefore,  the  KF-catalyzcd  reaction  of  HNF2  with  CF2(OF)2 
represents,  presently,  the  only  known  method  for  the  syntheses 
of  CF2(OF)ONF2  and  CF2(ONF2)2. 

Properties  of  CFjONF*  Thri  compound  is  well-known  and 
has  been  well  characterized,1516  and  the  properties  observed 
in  this  study  were  in  good  agreement  with  the  literature  data. 
However,  since  CFjONF2  is  the  simplest  member  of  the  class 
of  jV.iV-difluoro-Opcrfluoroalkylhydroxylamines  and  since 


Table  II.  Vioratlonal  Spcclu  of  CF.ONF, 
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only  a  partial  infrared  spectrum  had  previously  been  report¬ 
ed,1516  it  was  desirable  to  obtain  complete  vibrational  spectra 
(see  Figure  1  and  Table  II).  Assignments  were  made  for 
CFjONF2  by  assuming  symmetry  C,  with  the  F-C-O-N  part 
of  the  molecule  being  located  in  tbe  symmetry  plane.  These 
assignments  are  summarized  in  Table  HI  and  were  made  by 
comparison  with  the  spectra  of  similar  molecules  such  as 
CFjOF,17  CFjNO,1*  CFjNj,1*  CF3NF2 ,»  SF5ONF2,16  and 


P-2 


(15)  Shreeve.  J.  M.;  Duncan,  L.  C.;  Cady,  G.  H.  Inorg.  Chtm.  J94S,  4, 1516. 

(16)  Hale,  W.  H.:  Williamson.  S.  M.  Inorg.  Chtm.  IH5.  4,  1342. 


(17)  Kuo.  J.  C.;  DaManeau,  D.  D.;  Fxtely,  W.  G.;  Hammaker,  R.  M.; 
Marsden,  C.  J.;  Witt,  J.  D.  J.  Raman  Sped  rose.  19M.  9,  230. 
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Table  111  Vibrational  \vvpntncnis  of  CT,ONIr,  Compared  to  Those  of  Similat  Molecules 
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•  Reference  19.  *  Reference  17.  c  Reference  18.  *  Relcrenct  20;  the  potential  energy  distribution  of  the  lundamcnlal*  asupned  u>  the 
CF,,  NF,.  and  CN  stretching  modes  indicates  strung  mixing  of  the  corresponding  symmetry  coordinates.  *'  Harmony,  M.  I), :  Myers.  R.  I.  i 
Clum.  fhys.  1962. 37, 636.  f  Comeford,  J,  I.;  Mann,  D,  E.;  Schoen,  L  J ,  Ltde.  1).  R.  tbiJ  l%3,  38,  461 .  *  Reference  16.  *  The  assign¬ 
ments  given  in  this  table  for  the  CF,  stretching  modes  are  tentative. 
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Figure  1,  Vibrational  spectra  of  CF,ONF2:  trace*  A  and  B,  infrared 
spectra  of  the  gas  recorded  in  a  5  cm  path  length  cell  with  AgCI 
windows  at  pressures  of  300  and  8  tort,  respectively;  trace  C,  infrared 
spectrum  of  Ar-matrix-isolated  CFjONFj  (mole  ratio  300)  at  6  K; 
traces  D,  E,  and  F,  G,  Raman  spectra  of  the  liquid  in  a  quartz  tube 
at  -80  *C  recorded  at  two  different  senaitivitiea  with  incident  po¬ 
larization  parallel  and  perpendicular. 

other  -ONFj-substituted  perfluoroalkanes21  Moat  stretching 
modes  and  the  rt,  r7,  and  rt4  deformation  modes  can  be  as¬ 
signed  with  confidence.  The  assignment  for  the  remaining  six 
deformation  modes  and  for  the  CF3  stretching  modes  are  more 


(18)  Demulh,  R.;  BQrger,  H,;  Ptwelke,  G.;  WiUner,  H.  Spectrochim.  Acta, 
Part  A  197»,  34A,  113. 

(19)  Christ*,  K.  O.;  Schack,  C.  J.  Inorg  Ckem.  1*1.  20,  2566, 

(20)  Atalla,  R.  H ;  Craig,  A.  D.  J.  Cham.  Pkyt.  1 9fe»  45, 427.  Bjork,  C. 
W.;  Craig,  N.  C.;  Milsch,  R,  A.;  Overend,  J.  J.  Am.  Chan.  Soc.  1965, 
87,  1186.  Ober  hammer,  H.;  Gfiather,  H.;  Birger,  H.;  Heyder,  F.; 
Piwdkc,  G.  /.  Phyt.  Chan  HU.  M,  664. 

(21 )  Christe,  K.  O.,  unpublished  resuiU. 


or  less  tentative.  In  all  the  >CONF?  compounds  studied  in 
this  laboratory,  the  >CONF2  group  exhibits  a  very  charac¬ 
teristic  band  pattern  at  aboul  860,  910, 940,  and  1030  cm'1 
of  almost  constant  frequencies  and  intensities  and  therefore 
is  well  suited  for  the  identification  of  a  >CONF;  group,  in 
particular,  the  symmetric  NF2  stretching  mode  at  about  1030 
cm"1  is  very  useful  for  diagnostic  purposes  due  lo  its  high 
Raman  intensity  and  the  absence  of  other  bands  in  this  fre¬ 
quency  region. 

Properties  of  (Cr})2CFONF2.  This  compound  had  previ¬ 
ously  been  prepared  by  the  reaction  of  (CFj)jCO  with  N2F4 
and  NjFj  in  a  plalinum  tube  at  100  °C  and  1000  atm  external 
pressure  and  identified  by  its  infrared  and  mass  spectrum.'* 
The  infrared  spectrum  of  our  product  (frequency  (cm1),  in¬ 
tensity:  1327,  s;  1 264,  vs;  1215,  w;  1176  s;  1 121,  s;  1064,  ms; 
985,  s;  9i0,  ms  849,  s;  804,  vw;  740,  m;  725,  m)  was  identical 
with  that  previously  reported.22  The  identity  of  the  compound 
was  confirmed  by  its  l,F  NMR  spectrum,  which  showed  the 
following  shifts,  multiplicities,  coupling  constants,  and  area 
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Properties  of  CF2(ONF2)2.  CF2(ONF2)2  is  the  first  known 
example  of  seminal  (ONF2)2-substitutcd  compound.  It  is 
colorless  as  a  solid,  liquid,  and  gas,  A  sharp  melting  point  was 
not  observed  for  CF2(ONF2)2  due  to  its  tendency  to  form  a 
glass  at  low  lemperature.  The  liquid  boils  at -9  #G  The  vapor 
slowly  passes  through  a  -1 1 2  °C  trap  but  stops  at  -1 26  ®C. 
Vapor  density  measurements  (A/r  found  187,  ealed  186) 
showed  that  in  the  gas  phase  the  compound  is  not  associated. 
The  compound  is  completely  stable  at  ambient  temperature. 
Drop-weight  tests  performed  on  the  liquid  at  about  0  °C  were 


(22)  Smiley,  R,  A.;  Sullivan,  R,  H.  “Synthew*  of  High  Energy  Polymers  and 
Solid  Oxidizers",  Summary  Report,  Contract  A F04<6 1 1  >-8 1 69;  1962. 


SJ9-  Difluoro-  0-ptrfiuoroalky  Ihydroxylamincs 
Tibk  IV.  Vibrational  Spectra  of  <'F,(ONF,), 
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Table  V.  Mass  Spectrum*  ofCI  /ONF,), 
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(\pft  t  Vibrational  spectra  of  CF^ONFj),:  trace*  A  and  B,  infrared 
spectra  of  the  gat  in  a  S-cm  path  length  cell  at  60  and  ?  torr,  *e- 
spectiveiy;  trace*  C,  E  and  F.  Raman  spectra  of  the  liquid  at  -80 
*C  at  two  different  aensitivitie*  with  incident  polarization  parallel 
and  perpendicular. 
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all  negative  at  the  1 1 5  cm  kg  level,  compared  to  a  50%  point 
at  6.1  cm  kg  for  ethyl  nitrate.  These  tests  indicate  that 
CF2(ONF2)2  is  surprisingly  stable  and  is  much  less  sensitive 
than  the  analogous  CNF2  derivative,  CF2(NF2)2,  which  under 
the  same  conditions  gave  a  positive  test  at  23  cm  kg. 

The  structure  of  CF2(ONF2)2  was  established  by  its  vi¬ 
brational  (see  Figure  2.  Tahle  IV),  mass  (sec  Table  V),  and 
l?F  NMR  spectra.  The  latter  showed  the  following  parame¬ 
ters: 
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As  expected  CF2(ONF2)2  is  an  oxidizer  liberating  iodine 
from  a  Ki  solution.  Unlike  fluorocarbon  ethers.  CF2(ONF2)2 
does  not  readily  hydrolyze  in  concentrated  HjSO*  at  25  *C. 
After  a  40-h  contact  time  with  agitation,  95%  of  the  CF2(0- 
NF2)2  was  recovered  unchanged,  lu  CH,OH  after  40  h  at 
25  °C,  90%  of  CF2(ONF2)2  was  recovered;  however,  in  1  M 
sodium  metboxide  in  methanol,  slow  reaction  was  observed. 
Similarly,  it  slowly  reacted  witb  acetic  acid.  The  nature  of 
the  reaction  products  was  not  investigated. 

Properties  of  CF2(OF)ONF2.  Like  CFrfONFJj,  this  com¬ 
pound  had  not  been  prepared  previously.  It  is  colorless  as  a 
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solid,  liquid,  and  gas  and  also  shows  a  tendency  to  form  a  glass 
at  low  temperature.  Fran  experimental  data  (temperature 
(°C),  vspor  pressure  (mm):  -94.8, 1 1;  -78.4, 41;  -64, 101; 
-57.5,  141;  -47,  228),  tbe  vapor  pressure-temperature  rela¬ 
tionship  was  found  to  be 

log  [/'(ram)]  -  7.31997  -  II  16.029/(T (K)} 

with  an  index  of  correlation  of  0.9997.  During  fractional 
condensation,  the  compound  slowly  passes  through  a  -126  *C 
trap  but  stops  at  -142  *C.  Tbe  extrapolated  boiling  point  is 
-21.8  9C,  and  tbe  derived  heat  of  vaporization  is  A “  5105 
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Figure  X  Vibrational  spectra  of  CF2(OF)ONF2:  traces  A  and  B, 
infrared  spectra  of  the  gas  recorded  in  a  5 -cm  path  length  cell  with 
AgCI  windows  at  pressures  42  and  1 S  tort,  respectively;  traces  C 
and  D,  Raman  spectra  of  liquid  CF^ODONFj  at  -100  *C  recorded 
at  two  different  sensitivities. 

cal  mol'1.  The  Trouton  constant  (20  3)  and  the  molecular 
weight  of  the  gas  M,  found  1 53,  ealed  1 53)  indicate  little  or 
no  association  in  both  the  liquid  and  the  gas  phases. 

The  structure  of  the  compound  was  established  by  vibra- 
t tonal  (see  Figure  3,  Table  VI)  and  l,F  NMR  spectroscopy; 
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The  compound  is  stable  at  ambient  temperature  and  liberates 
iodine  from  Kl  solution. 

CeacWoa  Complexing  of  HN  F2  with  alkali-  metal  fluoride 
has  successfully  been  used  to  moderate  the  otherwise  explosive 
reaction  of  HNF2  with  hypofluorites.  The  general  applicability 
of  this  method  for  the  syntheses  of  AW-difiuoro-O-per* 
(luoroalkylhydroxylamines  has  been  demonstrated,  and 
CF2(ONF2)2,  the  first  known  example  of  a  geminal-disub- 
Mituted  -ONFj  compound,  has  been  prepared  by  this  method. 

Achuowkdgtte.  The  authors  are  grateful  to  Dr  C.  i. 
Schack  for  helpful  discussions  and  to  the  Air  Force  Rocket 
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Army  Research  Office  for  financial  support  of  this  work. 
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Synthesis  of  /Vt/V-Difluwo-0'perhaloilkylhydroxyUmines.  2.  Lewis  Acid  Catalyzed 
Addition  of  NF30  to  Olefins 

RICHARD  D.  Wll  SON.  WALTER  MAYA,1*  DONALD  Pll  IPOVICH,1*  and  KARL  O  CI1RISTF* 

Recen  td  June  IS.  I9S2 

A',<\'-Difluoro(J-perhal«ialkylhydrox>lamincs,  RjONFj,  were  successfully  prepared  b>  the  Lewis  aetd  catalyzed  addition 
of  NFjO  to  olefins.  The  new  compounds  XC2F4ONF2  (X  *  F,  Cl,  Br)  were  obtained  and  characterised  I  he  unexpected 
direction  of  the  NFjO  addition,  resulting  exclusively  in  the  ami-  Markownikoff -type  tsomcr  XCFjCFjONFj,  was  elucidated 
by  model  reactions  involving  the  stepwise  addition  of  BF,  and  NF,0  toCF'H.’-A’Fj.  It  is  shown  that  all  reactions  can 
be  rationalized  in  terms  of  an  RfBFj  intermediate  produced  by  the  normal  polar  addition  of  BF,  to  the  olefin.  In  the  case 
of  CF.-*0=CF"i.  the  new  vinyldifluoroborane  CFiH'(BI'ilCF)  was  isolated  and  characterized.  Attempts  to  isolate 
-ON Fj- substituted  vinyl  compounds  by  reaction  of  NF]0  with  vinyldifiuoroboranes  led  to  difluorammo  ketones  formed 
via  a  kcto-enol-typc  tautomerism. 


Introduction 

Following  the  discosvery  of  N F,0  in  1%I  by  Rockctdync: 
and  Allied  Chemical,1 3  studies  were  carried  oul  in  Ihcse  two 
laboratories  to  add  NF,0  to  olefinic  double  bonds.  Except 
for  an  incomplete  description  of  some  of  the  Rocketdync  results 
in  a  patent  and  a  one-sentence  statement  in  a  paper  on  NF,0 
by  the  Allied  group,1 5 6 7  these  data  have  not  been  published, 
partially  due  to  thetr  incompleteness  and  the  lack  of  a  plausible 
mechanism  to  explain  the  observed  direction  of  the  NFjO 
addition  The  previous  Rocketdyne  studies  have  now  been 
complemented  and  arc  summarized  in  this  paper. 

Experimental  Section 

Caution*  The  addition  reaction  of  NF',0  to  olefins,  particularly 
hydrogen-containing  compounds,  can  proceed  explosively  Appro¬ 
priate  safety  precautions  must  be  taken  when  these  reactions  arc 
carried  out. 

Materials  and  Apparatus.  The  apparatus,  handling  techniques,  and 
instrumental  conditions  used  in  this  study  have  been  described  in  part 
I  of  this  series  '  I,  itcrature  methods  were  used  for  the  syntheses  of 
NF'jO,*CFY"=<'*=CfV  andCF,-(.  FBF?  *  Monomeric  (F\=CF; 
was  prepared  by  vacuum  pyrolysis  of  poK(tetrafiuoroethylcnc):  C/F'jCl 
and  BF,  (The  Mathcson  Co.)  and  C2F*Br  (Ozark  Mahoning  Co.) 
were  purified  hy  fractional  condensation  prior  to  their  use, 

Syntheses  of  XCFjCFjONFj,  Most  reactions  of  NFjO  in  the 
presence  of  BFj  with  C2I'4,  C2F,C1,  or  CYFjBr  weie  carried  out 
according  to  the  following  general  procedure.  Equimolar  amounts 
(3  mmol  each)  ol’CjFtX  (X  ~  F,  Cl,  Br)  and  BF>  were  condensed 
at  -196  °C  into  the  tip  of  a  250-mL  Pyrex  reactor.  The  mixture  was 
warmed  for  2  h  to  -78  °C  and  then  recoolod  to  -1%  8C,  An  equimolar 
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amount  of  NF>0  (3  mmol)  was  condensed  at  -1%  *C  above  the 
Cjl  |X-8F,  mixture.  The  reactor  was  allowed  to  warm  slowly  to  ■  78 
*C  and  was  kept  at  this  temperature  lor  several  hours  before  being 
allowed  to  warm  to  ambient  temperature.  The  volatile  materials  were 
separated  by  fractional  condensation  through  a  scries  of  traps  at  -78 
°C,  at  *95  °C  (for  (YFjBr  reaction),  or  -1 1 2  *5'  (for  CjFiCl  reaction), 
or  -142  8C  (for  C.F«  reaction),  and  at  -196  “C  The  -78  CC  trap 
contained  small  amounts  of  unidentified  material.  The  -196  #C  trap 
contained  mainly  unreactcd  BF  j,  C  2FiX,  C2I>X,  and  sometimes  small 
amounts  of  NFjO.  The  -95,  -1 12,  or  142  °C  trap  contained  the 
desired  XCjF4ONF’j  product.  The  reactor  generally  contained  some 
while  solid  residue,  which  according  to  its  spectra  consisted  of  NOBF*. 
The  yields  of  C,F5ONF2,  CF  jCICFjONF,.  and  CFjBKTFjONF,  were 
about  60, 18,  and  10^,  respecitvely,  Whereas  CjFjONTj  could  be 
obtained  in  high  purity  by  the  above  described  simple  fractionation, 
CIC2F4ONF2  and  BrC2F4ONF2  contained  about  I0'4  of  an  uniden¬ 
tified  halocarbon  impurity  whose  removal  required  either  repeated 
careful  fractionations  or  gas  chromatographic  techniques. 

CF,X  F2“ONF2c:  bp  -24.9  °C;  mp  -146,5  °C,  mol  wt  found  185; 
mol  Wt  ealed  187;  log  \P  (mm)J  *  8.0222  -  1271/(7  (K)J;  ±H.tp 
“  5.8  keal/moi;  Trouton  constant  23.5;  mass  spectrum  (70  cV)  |zn/c 
(intensity)  ionj,  1 19  (69)  t\F/Y  100  (3.4*  C,F/,  69  (100)  CF,\ 
66  (2.1)  Cl jO+,  52  (29)  NF2\  50  (10)  CF,\  47  (7.1)  CFO+.  33 
(7.7)  Nr,  31  (12)  CF*.  30(24)  NO*.  19(1.1)  F*.  16 (0.3)  O*;  |9F 
NMR  (positive  shifts  are  low  field  from  CFCIj)  neat  <pA  (tr  ir  =  sept) 
-89.0,  4>B\quait  ti) -95,9,  (brtr)  521.9,  CTCI,  solvent  -84  Q 

-93.0,  4>0  128.1  (Ab  =  2.02,A<  =  101,  JK  *  3.0.  Ac  ■  HO 
Hz);  IR  2640  {vw),  2600  (ww),  2478  {vw),  2408  (vw),  2350  (v\w), 
2317  sh,  2235  (vw),  2090  (ww),  2050  (vw),  1984  (vw),  1931  (vw), 
1867  (vw),  1815  sh,  )791  (vw),  1775  sh,  1679  (vw),  I594(vw),  1510 
(vw),  1471  (ww),  1401  (mw),  1300  sh,  1247  (vs),  1206  (vs),  1114 
(vw),  1028  (vs),  903  (s),  850  (vs),  741  (m,  PQR),  730  sh,  660  (w), 
621  (vw),  569(vw),531  (mw),474  (ww),  462  (ww),444(ww)  cm1; 
Raman  (liquid -90*C)  1402(0.7),  1240(0.1),  1205  (0.1),  1 1 II  (1.2) 
p,  1025  (6.6)  p,  903  (0.7)  dp,  849(2.4)  p,  835  (1.2)  p,  741  (10)  p, 
659  (2.8)  p.  619  (0.7)  dp,  570  (3.1 )  p,  559  (0.2)  dp,  529  (0.2)  dp. 
466  (0.2)  dp,  442  (0.1)  dp,  358  (1,7)  p,  342  (1,9)  dp,  303  (6.2)  p, 
244  (4.1)  p,  121  (0.6)  dp  cm"1.  Anal.  Caled  for  C2F7NO;  N,  7.48, 
Found;  N,  7.21  (N,  by  evolution  by  Na  reduction). 

OCF2ACF2aONF2c:  bp  1 3,8  °C;  mol  wt  found  204.6;  mol  wt  ealed 
203.5;  log  [/>  (mm)]  *  7,6002  -  1355/(7“  (K)j;  X,?  =  6.2  kcal/mol; 
Trouton  constant  21.6;  mass  spectrum  (70  cV)  [mje  (intensity)  ion] 
137  (16.2)  C2F4”C1\  135  (52.3)  C2F435Cf+,  1 19  (20.7)  C2I:A  118 

j  (0.6)  CjF, "Cl*,  1 16  (1.9)  CjF>,5C1*.  100  (9)C,F4\  87  (32)  CF.J7CI*, 

<£)  1983  American  Chemical  Society 


/ 


135*  Inorganic  Chemistry.  Vol.  22.  No.  9.  1983 


Wilson  et  *1. 


85  (1001  CFj”Cr.  69 1 20)  CF,*.  68  (2.4)  CF^G*.  66  (5.3)  CFW. 
52  (28)  NF,\  50  (23)  CFS*.  49  (t.3)  CCI1’*.  47  (4.2)  CCIm.  47 
18  9)  CFO4.  37  (1.1)  ‘’Cl*,  35  13.4)  "Cl*.  33(7.7)  NF*.3t  (21.2) 
CF'*.  30  (23)  NO*.  19  (1.2)  F*.  t6  (0.5)  O*;  ”F  NMR  (neat)  (liquid 
29  *C)  *A  Ur  tr)  -75.2.  *B  (ir  (r)  -93.7.  (br  tr)  126.0  (JAa  ■ 
2  3.  At  -  0.95.  J*-  3.1 5.  Ac  -  100  Hr);  IR  1339  (m),  1 286  (vw). 
I24t  (m).  1200  (vs).  1185  (v»).  1129  JiV  «i<Osh.  1058  (vw).  1033 
(m),  975  (vs),  909  (m).  898  »h.  845  (vs).  802  (w).  784  (vw).  768  (vw). 
720  (vwl,  702  (vw). 680 (vw). 656  ( w).  6 1 5  (vw).  558  (vw).  480 (ww) 
cm  \ 

BeCFjH’F.HjNFj4:  mol  wt  found  245;  mnl  wi  calcd  248.  mass 
ipcctrum  (70  cV)  \m/t  (intern)  on)  197  (4.6)  C.F/'BO*.  195  (4.6) 
CjF^BrO*.  181  (66)  C.F4,lBr\  (79  ((*)  l\F'*B.  \  162  (2.4) 
C;F,"Br*.  160  (2.4)  C-F,nBr*.  i3»  f.COi  CF-'  tfr*.  (29  (tOO) 
CF.sBr*.  M9(83)CjF,*.  1 12  (7.8)  C^'Rr*.  t  io  <?  8)  CF"Br*. 
100 1 28)  CjF**.  9.3  (4.2)  C*'Br*.  91  (4.2)C’*Br*.  81  (38)*'Br*.  79 
(38)  nBr*.  69  |59)  CF,*.  66  (1.5)  CF  O*.  52  1?5)  NF.\  50  (46) 
CF.*.  47  (18)  CFO*.  33  ( 10)  NF*.  31  160)  CF*.  30  (47)  NO*.  19 
(2.41  K*.  t6  (8  0)  O*;  ’*F  NMR  (neat  liquid.  -20  *C.  tram  rotamer) 


of  NFjO  in  I%l.:-)  stuctes  were  begun  at  Rocketdyne  to  add 
NFjO  across  ole  ft  me  double  bonds.  At  ambient  temperature 
neat  NFjO  was  un reactive  toward  olefins  such  as  CF.=CF; 
or  CH.— =CHv  Furthermore,  UV  trradtatton  of  mixtures  of 
NF,0  with  either  CF:”CF:  or  CF2»-CFCI  in  Pyrex  did  not 
result  in  any  appreciable  reaction.  Although  healing  of  NF,0 
with  CjF 4  or  CjF,CI  to  150  #C  resulted  in  reaction,  the 
principal  products  (C;F*.  C4FI0.  CF,COF.  C>F,C1.  etc.)  arose 
from  fluorination  of  the  olefins  and  were  not  the  desired 
RONFj  addition  compounds  However.  Lewis  acids  catalyzed 
the  addition  of  NF,0  to  olcftntc  double  bonds.  The  most 
effective  Lewis  acid  was  BF,.  but  the  reaction  was  generally 
limited  to  pcrhalogcnatcd  olefins.  Low  temperatures  were 
necessary  with  NF,0  being  added  at  -196  *C  to  a  mixture 
of  BF,  and  the  olefin,  which  had  been  premixed  at  -78  #C. 
The  ternary  mixture  was  allowed  to  warm  slowly  from  -196 
to  -78  °C  and  sometimes  to  ambient  temperature.  Although 


*A  (tr  tr)  -70.5.  Oi  tquint)  -9|  9.  ^  tbf  tr)  t26  (A®  *  3  2.  Ac  ■ 
10.  V  ■  3.2  Hr);  IR  1330  (m).  1249  im).  1208  (vs).  tl83  (vs). 
1 126  (s).  1032  (m).  948  ivs).  908  (mw).  882  <w).  848  is).  825  Jsh). 
782  (mw).  777  (mw).  751  (w),672  (w).  650  (w),635  («w).  602  (vw). 
550  (vw).  477  (ww)  cm  1 

Syatheateof  CFinC(BF.)rF  ,.  Tctrafluoroallcnc  (5. 1  mmol)  and 
BF, (5.1  mmol)  were  combined  at  -196  *C  in  a  Pyrex  ampule.  The 
mixture  was  allowed  to  warm  slowly  to  ambient  temperature,  then 
cooled  again  lo -196  *C.  and  warmed  at  before.  The  volatile  prooucU 
were  separated  by  fractional  condensation  with  CFj— C(BF:)CF;  (3.6 
mmol)  itopping  in  a  -1 1 2  *C  trap.  The  other  reaction  product*  wer: 
a  trace  of  SiF4,  oily  tctrafluoroallcnc  polymer,  and  unrcactcd  BF,. 

CF/-C(BF;KT,:  colorless  liquid  and  gas;  mol  wt  found  t79:  mol 
wt  calcd  179  8,  approximate  bp  12  *C;  lfF  NMR  (neat  liquid.  25 
•C)  *(CFf)  1  broad  unresolved  multiplet)  -47.6.  *(CF,)  (J  quart) 


•  57  3.  *<CF,I  (d  d)-59  9.  e>(BF:)  (br  s)  82.2;  area  ratios  t.t  3:2 
(J&jci,  m  22.6.  Jew,  “  *2  0.  Jl  fjc f(  *  390  FI/).  Vibration  spectra: 
IRlga*)  t769(mw).  |7t4(v»).  1689  (sh).  t469  (m).  t426  (vs),  1392 
(vs).  1323  (m).  1 290  (mw),  t260(sh)  1t70(vs).  It29(mw).  1081 
(vw).  1043  (s).  998  (ms).  969  (mw).  875  (vw).  744  (mw).  736  (m). 
708  (vw).  650  (w. ).  642  (mw).  608  (m).  581  (w).  539  ]mw).  434  (w). 
392  (w)  cm  ';  Raman  (liquid.  -80  *C)  1770  (0  3)  p.  171 3  (1  6)  p. 
1689 (ih).  1465 ((H).  t41S  (0  I).  1 382 (0. 1 1. 1323  (0  7)  p.  1298  (0.4). 
1 175  (0.1).  1135  (0.1).  992  (0.3)  p.  964  (0.2)  p.  873  (1.5)  p.  742  (10) 
p.  730  (1.8)  dp.  708  (0.5)  p.  650  (2  4)  p.  637  (I  7)  dp.  608  (0.8)  p. 
580  (0.2)  dp.  538  (0.6)  p.  434  (0.2)  dp.  399  (2  D.  376  (4.5)  p,  331 
( 1 .4)  p.  193  (0.2)  dp.  1 69  ( 1 .5)  dp.  1 50  (0. 2)  dp.  1 29  (0.2)  cm1.  The 
mass  spectrum  showed  parcnl  al  m/e  180  (C.llBF,*)  and  179 
(C2I0BF7*)  and  parent  minus  Fat  m/e  161  and  160.  Hydrolysis  of 
CF:-C(BFj)CF,  gave  CF2~CHCF,  +  (HOBF.) 

Reaction  of  CF.=C(BF:K'Fj  with  NF,0.  Triftuoramine  oxide  ( t  .8 
mmol)  and  CF.:r=!C(BF2)CF>  (0.45  mmol)  were  combined  at  -196 
#(  ,n  a  Pyrex  reactor  and  allowed  to  warm  slowly  to  rtxrni  temp.  This 
tooling  -  warming  was  repeated  several  times.  The  volatile  materials 
were  separated  by  fractional  condensation  and  consisted  ot  BF ,  (0.45 
mmol),  unrcactcd  NF,0  (1.3  mmol),  and  ('l  ,COCF.NF2  (0.45 
mmol).  This  ketone  stopped  in  a  - 1 1 2  °C  trap  and  was  identified 
by  iis  infrared,  inass.  and  *F  NMR  spectra.*  molecular  weight,  and 
its  hydrolysis  reaction,  which  yielded  the  hydrate  CF,C(OH):CF.NFj. 

The  compound  CF,COCFjNF:  was  also  directly  obtained  by  co¬ 
condensing  equimolar  amounts  of  NFjO,  BF,,  and  CF2=0=CF?at 
-196  #C  in  a  Pyrex  ampule  and  allowing  the  mixture  to  warm  up 


other  l  ewis  acids  such  as  PK.  As|\.  or  SbF,  in  the  presence 
or  absence  of  solvents  such  as  anhydrous  HF  or  Cl  ,COCF, 
were  also  used,  the  above  described  low-temperature  BF,- 
calaly/cd  reaction  gave  generally  the  best  and  most  repro¬ 
ducible  results  With  use  of  this  method,  the  following  re¬ 
actions  were  carried  out  and  their  reaction  products  well 
characterized. 

X(  F«C*  F.  +  N  F,0  —  XC KjCF.ON  F.  , ) 

X  -  F.  Cl.  Br 

For  X  ■*  F  the  yields  of  the  -ONF,  adducl  were  as  high  as 
7 O'?  but  decreased  with  increasing  atomic  weight  of  X.  with 
the  competitive  fluorination  reaction  to  C?F,X  becoming 
dominant.  For  X  being  iodine,  the  yield  of  lCF>CF:ONF» 
became  almost  zero. 

Only  one  isomer  was  obtained  for  all  reactions  and.  sur¬ 
prisingly.  cot  •espundexl  to  an  anti-Markownikoff-typc  addition; 
i.c..  the  CNF*  group  was  adA-  *o  the  positively  polarized 
carbon  atom  of  the  substrate.  The  observation  of  only  one 
isomer  and  the  fact  that  free-radical  conditions  such  as  UV 
irradiation  and  heat  did  not  produce  significant  amounts  of 
RONFj  adducts  suggest  a  polar  mechanism 

Since  NF,0  is  known10  to  form  with  Lewis  acids  suci,  as 
BF,  ionic  adducts  containing  the  NF20*  cation  and  since  the 
positive  charge  in  NFjO*  resides  on  the  nitrogen  atom,  the 
simplest  polar  mechanism  would  involve  a  x-x  bond  inter¬ 
action  between  the  N=0  bond  of  NF-O*  and  the  bond 
of  the  olefin. 


Although  such  an  intermediate  could  conveniently  account  for 
an  attack  of  the  positively  polarized  carbon  by  oxygen,  the 
following  argumcnls  can  be  raised  against  this  mechanism, 
(i)  the  above  x-x  mechanism  is  analogous  to  the  reaction  of 
two  ground-state  ethylene  molecules  to  ground-state  cyclo- 
butane.  which  is  symmetry  forbidden;11  (ii)  also,  the  x-x 
mechanism  cannot  account  for  the  products  observed  in  the 


slowly  to  ambient  temperature.  This  warm-up  procedure  was  repeated 
twice  to  ensure  complete  reaction.  The  reaction  products  were  sep¬ 
arated  by  fractional  condensation  with  the -112  °C  trap  containing 
CFjCOCFjNFj  in  25%  yield.  CFjNTOCF^Fj*1:  '*FNMR(CFCI, 

-55  °C)  <*A  (tr  tr)  -76.2,  <*,  (quart  tr)  -109.9.  (br  s)  18  0  (A® 

“  6.4,  JAC  *  2.0,  “  3.1  Hz),  area  ratios  A:B:C  “  3:2:2. 

Results  and  Discussion 

Syntheses  of  -ONFrSubstituted  Perbalocarbons  and 
Mechanism  of  the  NF,0  Addition.  Shortly  after  I  he  discovery 

Q-2 


reaction  of  CF2“C(3F2)CF,  with  NF,0  (see  below);  (jii)  ihc 
Lewis  acid  catalyzed  addition  of  NFjO  to  the  olefin  appears 
to  require  reaction  temperatures  at  which  the  NFjO*  salt  has 
some,  albeil  small,  dissociation  pressure.  If  a  preformed  stable 
NF20*  salt  is  used,  fluorination  is  obtained  instead  of  sub- 

(10)  Christe. K.  O.;  May*.  W  tnorg.  Chtm.  1969. 8. 1 253.  Wimser.C.  A; 
Fox.  W.  B.;  Sukornick,  B.;  Holme*,  i.  R.;  Stewirt.  B.  B ;  Juurik.  R.; 
Vanderkooi,  N.;  Gould.  D,  Ibid.  1969.  S.  t249. 

(tl)  Woodward.  R.  B,:  Hoffmann.  R.  tn  “The  Con*erv»|ion  of  Orbital 
Symmetry";  Verltg  Chemie,  GmbH.  Weinheim/Bergstrawc.  West 
Germany.  1971. 


(9)  Lustig,  M.;  Ruff,  J.  K.  tnorg.  Chtm.  I96S.  4,  1441. 
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stitution;  (iv)  premixing  of  the  Lewis  acid  with  the  olefin 
enhances  the  yield  of  RONFj.  Most  of  these  arguments 
suggest  that  the  first  step  in  the  NF,0  addition  to  olefins  is 
the  interaction  of  the  olefin  with  the  Lewis  acid.  Examination 
of  the  BF,C2F4  system  at  -1 12  °C  showed  a  positive  inter¬ 
action  between  the  two  compounds;  i.c.,  the  vapor  pressure  was 
significantly  lower  than  that  expected  from  Raoult's  law,  but 
no  stable  adduct  was  formed.  The  lack  of  a  stable  C2F4*BF, 
adduct  is  not  surprising  since  -BF:-substituted  saturated 
fluorocarbons  arc  very  unstable  due  to  the  great  facility  for 
intramolecular  migration  of  a  fluorine  atom  from  an  a-  or 
d-carbon  atom  to  boron  followed  by  BFj  elimination. This 
acility  of  BF,  elimination  can  be  strongly  decreased  by  in¬ 
corporation  of  an  rt-pcrlluorovinyl  group.  Thus  CF^^CFBFj 
is  known*  to  be  stable,  and  another  stable  compound  CF,== 
C(BF>)CF,  was  prepared  for  the  first  time  during  this  study 
from  tctrafluoroallenc  and  BF,  (eq  2).  The  direction  of  this 

C*+F,=C*  *=CI+F,  +  F*  —  B**F,  CF,=C(BF,)CFj 

(2) 


addition  agrees  with  that  expected  from  tb  known13  polarity 
of  the  bonds  in  tctrafluoroallenc  and  a  normal  polar  addition 
of  BF,.  The  observation  of  only  the  BF,  monoadduct  is  not 
surprising,  since  the  addition  of  a  second  BF,  molecule  would 
result  in  a  saturated  -BF2-substituted  fluorocarbon,  which 
would  be  prone  to  undergo  the  above  mentioned  BF,  elimi¬ 
nation12  with  re-formation  of  CF2=C(BF2)CFj. 

The  availability  of  CF2™C“CF2  and  of  its  BF,  adduct 
allowed  us  to  test  the  hypothesis  that  a  BFj  adduct  is  an 
intermediate  in  the  BF, -catalyzed  addition  of  NF,0  to  per- 
haloolefins.  If  in  the  BF, -catalyzed  addition  reaction  of  N  F,0 
to  CF2^=C=CF2  the  intermediate  is  CF>=C(BF2)CF,,  then 
the  reaction  of  CF2=C(BF2)CF,  with  NF3O  should  result  in 
the  same  final  product.  Indeed  this  was  found  to  be  the  case. 
In  both  reactions.  CF,COCF2NF2  was  the  only  -NF>  con¬ 
taining  product.  For  the  CF2=“C~CF2  +  BF,  +  NF,0  re¬ 
action  its  yield  was  25%.  whereas  for  the  CF2=C(BF2)CF, 
+  NF,0  reaction  its  yield  was  essentially  quantitative.  The 
fact  that  CFjCOCFjNT;  was  the  only  product  and  that  no 
evidence  for  an  -ONF2-substitutcd  compound  was  observed 
can  be  readily  rationalized  by  the  following  sequence.  Reaction 
2  is  followed  by  a  Lewis  acid-Lcwis  base  interaction  between 
CF2=C(BF2)CF,  and  NF30.  The  formed  adduct  can  then 
undergo  BF,  elimination  (eq  3)  to  form  the  vinyl-ONF2 
compound,  followed  by  a  quasi  keto-cnol  tautomeric  rear¬ 
rangement  (eq  4)  to  give  the  observed  final  product,  a  di- 
fluoroamino  ketone.  The  fact  that  in  the  BF, -catalyzed  ad- 
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dition  of  NF,0  to  CF2=0=CF2  the  yield  of  NF2CF2C(0)- 
CF,  was  only  25%  compared  to  1 00%  for  the  CF2=C(BF2)- 
CF,  +  NF,0  reaction  can  be  ascribed  to  the  low  (60%)  yield 
observed  for  reaction  2  and  the  case  of  polymerization  of 
tctrafluoroallenc.7 


(1 2)  Lappert,  M.  F.  In  'The  Chemisiry  of  Boron  and  il s  Compounds", 
Muellertics,  E.  L  .  Ed  ;  Wiley:  New  York.  1967;  p461. 

( 1 3)  Banks,  R.  E..  Hazcldinc,  R.  N.;  Taylor,  D.  R.  Proc  Chem.  Soc..  London 


The  above  reactions  of  tctrafluoroallenc  lead  to  a  belter 
understanding  of  the  observed  reactions  between  CFy=CFBF2 
and  N F,0.  Two-N  F2-containing  products.  CF,CF2ONF2  and 
NF2CF2CF(0),  were  observed  for  this  reaction.  The  forma¬ 
tion  of  the  latter  compound  is  analogous  to  the  tctrafluoro- 
allene  reactions 


F 


nf?CF2c^  l;  ) 

xo 


The  formation  of  CF,CF2ONF2  is  ascribed  to  the  competitive 
fluorinaiion  reaction  (6),  followed  by  reaction  I,  the  BF,- 

CF2=CF(BF2)  +  nf2o+bf4  — 

CF2=CF2  +  N<rBI\  +  BF,  (6) 


catalyzed  addition  of  NF,0  to  CFjCFV 
The  formation  of  an  intermediate  r.,nalo  difluoroborane 
can  also  explain  the  unexpected  “anti-Markownikoff-typc" 
addition  of  NF,0  to  the  unsymmctric  perhalogcnated  ethylene 
(eq  I ).  The  observed  reaction  products  cun  be  rationalized 
by  a  mechanism  assuming  the  normal  polar  addition  of  BF, 
to  the  double  bond,  followed  by  the  interaction  of  the  Lewis 
base  NF,0  with  the  Lewis  acid  R-BF2.  followed  by  BF, 
elimination,  a  fluoride  migration  from  the  /3-  to  the  <*-carbon 
atom,  and  formation  of  the  C-ONF;  bond  (eq  7).  This 
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mechanism  is  analogous  to  (hat  (eq  3  and  ;>)  outlined  lor  the 
perfluorovinylborancs.  except  for  the  -ONF2  substitution 
occurring  on  the  /3-carbon  due  to  the  facile  migration  of 
fluorine  from  the  /3-carbon  to  the  a-carbon  in  these  saturated 
fluoroalkylboranes.  The  -ONF2  substitution  on  the  /3-carbon 
in  saturated  fluoroalkylboranes  vs.  a-carbon  substitution  in 
vinylboranes  may  also  be  favored  by  the  decrease  in  the  O 
C-B  bond  angle  upon  going  from  an  sp2-hybridized  vinyl- 
borane  to  an  sp3-hybridizcd  alkylborane. 

Attempts  to  extend  the  BF,-catalyzed  NF,0  addition  to 
hydrogen-containing  olefins  such  as  CH— CH2.  CF:^=OI,, 
and  CF:— CFH  were  unsuccessful  due  to  both  fluorination 
and  polymerization  of  the  substrate.  Fluorination  of  the  double 
bond  was  also  the  only  reaction  observed  for  CFCI^^CFCI  and 
CF2=CC1CF2CI.  Similarly,  attempts  to  replace  the  BF:  group 
in  CH2FBF2  by  an  ONF2  group  by  low -1  cm  pern  lure  treatment 
with  NF,0  were  unsuccessful,  resulting  in  the  quantitative 
fluorination  (8). 

CH2FBF2  +  NF,0  —  CH2F2  +  NO*BF4  (8) 

The  low-temperature  BFj-catalyzcd  addition  of  NF,0  to 
the  perfluorinatcd  acetylene  CF,C=CL  I ,  was  also  studied, 
but  no  reaction  was  observed  under  the  given  conditions.  With 
perfluorobutadiene  a  smooth  reaction  occurred,  but  resulted 
only  in  fluorination  to  pcrfluorobutcne-2. 

Attempts  were  unsuccessful  to  verify  the  intermediates 
postulated  in  eq  3-5  and  7  by  low-temperature  ’’F  1TMR 
spectroscopy.  For  the  CF2=*C(BF2)CF,-NF,0  system,  when 
kept  at  -80  °C  or  below,  only  the  final  products  NF2CF2C- 
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(O)CFj  and  BFj  were  observed.  For  CFj^^CFj  and  BFj  in 
CFC1«  solution,  no  interaction  was  observable  at  temperatures 
as  low  as  -1 20  #C. 

Properties  of  the  N,N  Dtfluoro-O-perfciknikyUiydroxyl- 
amines.  All  the  XCF2CF2ONF2-typc  (X  ■  F,  Cl,  Br)  com* 
pounds  prepared  in  this  study  are  colorless  gases  or  liquids, 
which  are  stable  at  ambient  temperature.  The  thermal  stability 
of  the  compounds  is  surprisingly  high.  For  exar»ple.  C2F50- 
NF%  when  heated  over  CsF  in  a  Pyrex  amnv.ie  to  93  #C  for 
17  h,  showed  no  decomposition,  in  stainless  steel,  heating  to 
325  #C  for  several  hours  was  required  to  observe  degradation 
to  CjF*  and  NO  In  their  chemical  properties  these  R-ONF» 
compounds  are  similar  to  NFj.  Thus,  C:F«ONF,  is  not  re¬ 
duced  by  HI  and  is  not  hydrolyzed  by  concentrated  aqueous 
alkali  solutions  at  50  °C.  Fluorination  of  CjF5ON  F:  with  F> 
at  150  °C  produced  C;Fh,  but  no  evidence  for  NF,0  or  the 
unknown  and  probably  unstable  FONF2  was  obtained. 

The  lack  of  NF,0  formation  in  this  fluorination  reaction 
supports  the  spectroscopic  evidence  that  the  ONF2  group  in 
these  RONF,  compounds  is  bonded  to  the  carbon  atom 
through  an  oxygen  and  not  a  nitrogen  atom. 

The  new  RONF:  compounds  prepared  in  this  study  were 
thoroughly  characterized  by  spectroscopic  techniques,  and  the 
observed  data  are  listed  in  the  Experimental  Section.  ”F 
NMR  data  were  particularly  useful  to  demonstrate  the 
presence  of  the  -ONF2  group  and  to  show  that,  for  the  un- 
symmetric  pcrhaloethylenes,  XCF2CF2ONF2  was  the  only 
isomer  formed  it  should  be  mentioned  that  for  BrCF2CF2- 
CNF:  the  ”F  NMR  spectra  were  strongly  temperature  de¬ 
pendent,  indicating  the  presence  of  different  rotamers  due  to 
hindered  rotation  caused  by  the  bulky  bromine  ligand.  The 
BKTFjCFjON  F 2  molecule  is  expected  to  exist  as  three  different 
rotamers,  one  trans  and  two  equally  probable  gauche  forms, 
which  could  be  sterically  less  favored. 

err 

r  '  ►  r  f  r  •  r 
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i  f '*  I  'f  o''  |  ’r 

P-'  ^  *  Br 

trans  < A.  H,)  gauche  (AA’BB) 

At  30  °C.  the  two  CF2  group  signals  consisted  of  broad 
( ~  1 5-Hz  half-width)  unresolved  lines.  At  20  °C,  the  two  lines 
separated  into  two  signals  each,  a  resolved  lower  field  signal 
for  the  trans  isomer  and  a  poorly  resolved  signal  of  similar 
intensity  at  slightly  higher  Held  attributed  to  the  two  gauche 
isomers.  At  -20  °C  the  relative  intensity  and  resolution  of 
the  trans  signals  were  significantly  increased.  At  -50  #C.  the 
resolution  of  the  trans  signal  decreased  again  and  the  frequency 
wparation  between  the  trans  and  the  gauche  signals  increased. 

Although  only  the  XCF2CF2ONF2  isomers  were  present, 
the  mass  spectra  generally  exhibited  CF3+  ions  of  medium 
intensity.  This  is  not  unusual  for  compounds  of  this  type  and 
is  read1.’  explainable  by  ion  recombination  in  the  mass 
spect'iinctu. 


The  vibrational  spectra  are  listed  in  the  Experimental 
Section.  The  assignments  for  the  CONFj  group  are 
straightforward  and  can  be  made  by  comparison  with  those 
previously  discussed  for  CFjONF-.5  In  addition  to  the 
characteristic5  CONK,  stretching  modes  in  the  1050-850-cm1 
region  and  the  CF2  stretching  modes  in  the  1 300-1 100-cm'1 
region,  the  spectra  exhibit  a  medium  intense  infrared  and  weak 
Raman  band  at  about  1400  cm'1,  characteristic  for  the  C-C 
stretching  mode. 

Properties  of  CFv^fBFjJCFj.  This  new  vinyldifiuoro- 
borane  is  a  colorless  liquid  and  gas  and  is  stable  at  ambient 
temperature.  In  addition  to  its  spectroscopic  identification  (see 
Experimental  Section),  the  compound  was  identified  by  its 
hydrolysis  reaction  (9),  yielding  CFj^^HCFj.14  The  vi- 

CFj— CF(BF,)CFj  +  HjO  -  CF,=CHCF,  +  (HOBFj) 

(9) 

brational  spectra  of  CF2=C(BF2)CF,  show  bands  in  the  re¬ 
gions  expected  for  the  stretching  modes  of  the  C <  — 1710 
cm'1),  BFj,(- 1450 and  1290cm1),15  and  F,C=CF  (-1390. 

1 177,  and  1040  cm *1)16  groups.  However,  these  assignments 
are  tentative,  and  a  definitive  assignment  will  require  a  more 
detailed  study. 

Conclusion.  The  Lewis  acid  catalyzed  addition  of  NF,0 
to  olefins  provides  a  useful  method  for  the  synthesis  of 
-ONFj-substituted  halocarbons.  provided  the  substrates  do 
not  contain  hydrogen  and  are  highly  fiuorinated.  Heavy 
halogens  such  as  iodine  or  bromine  also  appear  to  be  detri¬ 
mental  to  the  yield  of  RjONFj.  The  only  isomer  observed  for 
the  addition  of  NF,0  to  XCF=CF2  is  XCF2CF,OM  2.  This 
apparent  anti-Markownikoff-typc  addition  is  explainable  by 
the  normal  polar  addition  of  the  Lewis  acid  to  the  olefins 
followed  by  appropriate  substitution  and  elimination  reactions. 
The  intermediate  formation  of  the  Lewis  acid -olefin  adduct 
was  demonstrated  for  CF2=iSC=CF2.  The  reactions  of  NF}0 
with  vinyldifiuoroborancs  such  as  CF2=CFBF2  and  CF2= 
C(BF2)CFj  indicate  that  -ON  F2-substituted  vinyl  compounds 
arc  unstable  and  easily  undergo  a  kcto-enol  type  tautomeric 
rearrangement  to  the  corresponding  difiuoramino  ketones. 
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DIFFRACTION,  MICROWAVE  SPECTROSCOPY  AND  NORMAL  COORDINATE  ANALYSIS 
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and  Carl  J.  Schackla 


ABSTRACT 

The  geometric  structure  of  azidotrif luoromethane  has  been  obtained 
by  a  combined  analysis  of  electron  diffraction  intensities  and 
ground  state  rotational  constants  derived  from  the  microwave 
spectrum. 


The  following  parameters  were  obtained  (rflV-values  in  A  and  deg. 
with  2o  uncertainties  in  units  of  the  last  decimal):  C-F  *=  1.328(2 


C-N  =  1.425(5 
a 


VNs 


1.252(5),  N„-  N  =  1.118(3),  *CN  Ne  =  112.4(2 

P  Q  p 


*N  NCN  =  169.6(34)  and  *FCF  =  108.7(2).  The  CF,  group  is  in  the 
<j  p  u  j 

staggered  position  with  respect  to  the  group  and  tilted  away  from 
it  by  5.8(4)°. 


INTRODUCTION 


Structural  data  on  covalent  azides  are  rare  due  to  the  explosive 
(2  7  ) 

'  and  handling  difficulties  encountered  with  these 


nature 
compounds. 


One  of  the  more  stable  covalent  azides  is  CF^N^,  a 


R-l 


-  ifiiirifnr  r  ■ 


j.l  .->7/ 


-2- 
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compound  originally  prepared  by  Makarov  and  coworkers'  and 
recently  studied  in  more  detail  by  two  of  us*^.  Although  the 

closely  related  CH.N.  molecule  has  previously  been  studied  by 

*  ^  n )  '  /  g  \ 

both  electron  diffraction'  and  microwave  spectroscopy'  ; ,  the 

available  data  were  insufficient  to  determine  whether  the  N^  group 

is  linear,  and  to  obtain  a  reliable  value  for  the  tilt  angle  of  the 


methyl  group.  Furthermore,  a  comparison  of  the  structures  of  CH^N^ 
and  CF^N^  was  expected  to  contribute  to  our  knowledge  of  how  the 
substitution  of  a  CH,  group  by  a  CF~  group  influences  the  structure 

•3  /  9 )  3 

of  the  rest  of  the  molecule 


EXPERIMENTAL  SECTION 


Synthesis  and  Handling  of  CF^N^.  The  sample  of  CF*N,  was  prepared 
as  previously  described'  .  Prior  to  the  electron  diffraction 
experiments,  a  small  amount  of  Nj  formed  by  decomposition  of  some 
CF^N^  was  pumped  off  at  -196*C.  The  only  other  decomposition 
products  were  nonvolatile  and  therefore  did  not  interfere  with 
the  measurements . 


Electron  Diffraction.  The  scattering  intensities  were  recorded  with 
the  Balzers  gas  dif f ractograph  at  two  camera  distances  (25  and  50  cm) 
on  Kodak  electron  image  plates  (13  x  18  cm).  The  accelerating  voltage 
was  about  60  kV.  The  sample  was  cooled  to  -*80°C  and  the  nozzle 
temperature  was  15*C.  The  camera  pressure  never  exceeded  2.10~5 
torr  during  the  experiment.  Exposure  time  was  6-9  sec  for  the  long, 
and  15-25  sec  for  the  short  camera  distance.  The  electron  wave¬ 
length  was  calibrated  with  ZnO  diffraction  patterns.  Two  plates 
for  each  camera  distance  were  analyzed  by  the  usual  procedures. 
Background  scattering  recorded  without  gas  was  subtracted  from  the 
25  cm  data.  Averaged  molecular  intensities  for  both  camera  distances 
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(s  ■  1.4  -  17  and  8  -  35A  )  are  presented  in  Fig.  1  and  numerical 

values  for  the  total  scattering  intensities  are  available  as 
supplementary  data^1^. 

Microwave  Spectroscopy.  The  microwave  spectrum  was  recorded  at 
temperatures  between  -70*  and  -40*C  at  pressures  around  10  mtorr, 
and  at  frequencies  between  7  and  25  GHz  (X-  and  K-Band )  using  a 
standard  100  kHz  Stark  spectrometer. 

CF3N3  was  initially  flowed  through  the  cell,  but  since  the  sample 
proved  to  be  very  stable,  it  was  only  changed  at  hours'  intervals. 

An  initial  broad  band  sweep  in  K-band,  applying  a  0-20  V  ramp 
voltage  at  the  external  sweep  connector  of  the  Marconi  sweeper, 
immediately  revealed  the  u  R-branch  heads  typical  of  a  near  pro- 

a 

late  rotor,  and  thus  restricted  the  ranges  to  be  searched. 

STRUCTURE  ANALYSIS 

A  preliminary  analysis  of  the  radial  distribution  function  (Fig.  2) 

clearly  demonstrates  that  the  CF3  group  is  staggered  with  respect 

to  the  N3  chain.  Model  calculations  for  the  eclipsed  configuration 

result  in  very  bad  agreement  with  the  experimental  data  in  the 
o 

range  r  >  2.5A  (see  Fig.  2).  The  radial  distribution  function  for 

the  eclipsed  configuration  was  calculated  with  the  final  geometric 

parameters  derived  for  the  staggered  conformation.  Increase  of  the 

o 

CN  N  angle  to  about  130°  improved  the  fit  for  the  peak  at  3.3A  but 
op  o 

the  disagreement  for  the  peaks  around  2.7  and  4.5A  remained.  There¬ 
fore,  in  the  following  analysis  the  CF3  group  was  constrained  to 
the  staggered  position.  However,  small  torsional  deviations  ( <10*  ) 
from  this  position  cannot  definitely  be  excluded. 
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In  the  least  squares  analysis  a  diagonal  weight  matrix  was  applied 
to  the  intensities  and  scattering  amplitudes,  and  the  phases  of 
J.  Haase^*^  were  used.  The  spectroscpic  corrections t Ar  (Table  1) , 
were  incorporated  in  the  refinement.  For  torsional  vibrations, 
the  concept  of  perpendicular  (rectilinear)  amplitudes  results  in 
unrealistically  large  contributions  to  these  corrections  for 
torsion  independent  distances  (C-F,  F..F  and  N..F).  Therefore, 

contributions  from  the  CF,  torsion,  which  is  a  large  amplitude 

J  ( 12 ) 
vibration,  were  neglected  for  torsion  independent  distances 

Assuming  local  C3v  symmetry  for  the  CF^  group  with  a  possible  tilt 
angle  between  the  C3  axis  and  the  C-N  bond,  eight  geometric  param¬ 
eters  (including  the  angle)  are  required  for  the  determina¬ 

tion  of  the  structure  of  CF^N^.  These  parameters  were  refined 
simultaneously  with  six  vibrational  amplitudes  (see  Table  1). 

The  remaining  vibrational  amplitudes  which  either  cause  high 
correlations  or  are  badly  determined  in  the  electron  diffraction 
experiment,  were  constrained  to  the  spectroscopic  values,  calcu¬ 
lated  from  the  force  field.  This  is  justified,  since  the  refined 
amplitudes  agree  very  well  with  the  spectroscopic  values.  The 
results  from  the  electron  diffraction  analysis  is  included  in 
Tables  1  and  2. 

In  the  final  stage  of  the  analysis,  structural  parameters  were 
fitted  to  electron  diffraction  intensities  as  well  as  rotational 
constants  * ^ ^ .  The  relative  weight  between  electron  diffraction 
and  microwave  data  was  adjusted  until  all  rotational  constants  were 
reproduced  within  their  estimated  uncertainties.  The  geometric 
parameters  derived  from  the  combined  analysis  agree  within  their 
error  limits  with  the  results  derived  using  the  electron  diffraction 
intensities  alone. 
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The  results  demonstrate  the  usefulness  of  the  rotational  con¬ 
stants  for  the  reduction  of  the  uncertainties  in  the  CN  N  -  and  the 

a  B 

CF3  tilt  angle,  which  are  very  sensitive  to  the  asymmetry  or,  in 

other  words,  to  B  -C  . 

z  z 

NORMAL  COORDINATE  ANALYSIS 

A  force  field,  required  for  the  joint  analysis  of  microwave  and 
electron  diffraction  data,  was  derived  from  the  14  fundamental 
frequencies  determined  in  a  previous  study^,  the  torsional 
frequency,  derived  from  relative  intensity  measurements  of  rota¬ 
tional  transitions  of  the  excited  torsional  states,  and  the  cen¬ 
trifugal  distortion  constant  DJK#  determined  from  the  rotational 
spectrum  of  the  ground  state. 

Valence  force  constants  were  refined  with  the  program  NCA^14^ 
based  on  mass  weighted  cartesian  coordinates.  The  modified 
harmonic  force  field  (Table  3)  looks  reasonable,  but  is,  of 
course,  underdetermined. 

The  mean  deviation  between  measured  and  calculated  frequencies  is 
£v  =  4  cm  1. 

ROTATIONAL  SPECTRUM 

The  assignment  of  the  band  heads  in  the  K-band  region  to  the 
J:  4-*-5  (19.62  GHz)  and  J:  5+6  (  23.54  GHz)  transitions  was  straight¬ 
forward  since  these  band  heads  appeared  very  close  to  the  frequencies 
predicted  by  the  preliminary  electron  diffraction  model  (B+C  =  3.94 
GHz),  but  the  high  resolution  recordings  d  not  openly  display  the 
characteristic  pattern  of  a  near  prolate  (K  =  -0.989)  rotor  (see 
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Fig.  3).  The  deviations  arise  from  excited  vibrational  states  - 
especially  the  low  lying  torsional  states  -  as  will  be  discussed 
below.  The  frequencies  of  all  measured  transitions  and  the 
ensuing  rotational  constants  have  been  collected  in  Table  4.  The 
*  1  lines  stand  out  quite  clearly,  though,  and  recording  at 
different  Stark  fields  permitted  the  identification  of  K  ^  *  0 
lines  which  appear  only  at  high  fields.  Subsequently  higher  K  ^ 
lines  were  identified,  but  because  many  of  them  are  subject  to 
heavy  overlapping,  some  of  them  could  only  be  measured  using  a 
radio  frequency/microwave  double  resonance  technique  ( RFMWDR )  as 
described  below. 

The  lowest  J-lines  show  signs  of  quadrupole  hyperfine  structure,  but 

no  attempt  was  made  to  resolve  and  analyze  these  splittings.  Stark 

measurements  on  different  M-components  of  the  transitions  4^^5-j^, 

and  (calibrating  the  field  against  the  OCS 

shifts  and  using  Muenter's  value  for  its  dipole  moment yielded 

a  dipole  moment  in  the  a-direction  of  y  =  1.15(10)  D. 

a 

To  understand  the  microwave  spectrum  in  detail,  especially  the  many 
lines  between  the  two  K  ,  *  1  transitions,  it  is  necessary  to  con- 
sider  the  possible  molecular  vibrations.  In  an  earlier  study v  , 
the  vibrational  spectra  were  investigated  and  14  of  the  15  funda¬ 
mentals  identified.  The  missing  one,  the  torsion  of  the  CF~  group, 

-1  ** 

was  predicted  to  lie  below  90  cm  ,  but  could  not  experimentally 
be  observed. 

Fig.  4  shows  the  transition  in  a  highly  amplified  recording. 

From  the  characteristic  Stark  patterns  it  is  possible  to  identify 
all  of  the  obvious  lines  with  the  same  transition,  only  in  different 
vibrational  states.  The  very  intense  progression  to  higher  fre¬ 
quency  must  be  assigned  to  the  torsion,  and  relative  intensity 
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measurements  using  the  Wilson-Nesbit t  method^  yield  an  energy 
above  the  ground  state  of  47(3)  cm  1  for  the  first  excited 
torsional  state  and  thus  fcr  the  torsional  frequency. 

To  test  the  reliability  of  this  method,  the  energy  of  excited 
states  of  other  vibrations  were  determined  and  compared  to  the 
fundamental  frequency  determined  from  the  IR  and  Raman  spectra 
(in  parenthesis):  v^:  177  (  179  ),  v^:  409  (402  ).  v^:  459  (450  ), 

v10+v15:  cm*'*'  comprised  of  174  and  v^5*.  47  cm”1. 

The  reliability  of  the  method  obviously  decreases  with  increasing 
frequency  (decreasing  intensity)  and  the  method  fails  for 
transitions  falling  between  the  two  K_^  ~  1  lines  because  of 
serious  overlapping  of  lines  and  Stark  components. 

Examination  of  the  5.  transitions  to  determine  their  rel- 

14  15 

ative  intensities  revealed  that  the  v15  progression  extends 
toward  lower  frequencies,  and  thus  the  frequency  difference 
between  the  K  ^  =  1  lines  decreases  with  increasing  excitation 
of  This  effect  is  not  observed  with  the  other  excited 

states  (notably  v^g).  The  frequency  difference  between  the  »  1 

lines  directly  determines  B-C,  and  thus  the  observed  trend  indicates 
an  increase  in  symmetry  in  the  progression. 

In  order  to  explain  this  trend,  it  must  be  noted  that  a  struc¬ 
tural  model  having  the  axis  of  the  CF3  group  colinear  with 
the  C-N  bond,  only  produces  a  B-C  value  of  1-2  MHz.  To  reproduce 
the  observed  B-C  value  for  the  ground  state  (20.5  MHz)  it  is 
necessary  to  assume  a  tilt  angle  of  ^5°. 
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Consequently,  one  could  propose  that  the  effect  of  higher  tor¬ 
sional  excitation  is  the  removal  of  the  tilt  of  the  CF^  group. 

In  that  case  one  would  expect  higher  torsional  states  to  have 
B-C  values  between  1  and  2  MHz. 

On  the  other  hand,  if  one  realizes  that  most  of  the  molecular  mass 
is  concentrated  in  the  trifluoro  methyl  group,  it  is  possible 
to  visualize  the  light  "frame*  rotating  about  the  heavy  "top"  and 
higher  excitation  would  lead  to  an  effective  symmetric  top  molecule 
with  the  excited  energy  levels  lying  well  above  the  barrier  to  the 
torsional  motion.  In  that  case,  however,  as  the  energy  levels 
approach  the  top  of  the  barrier,  tunnelling  through  the  threefold 
barrier  would  cause  the  rotational  lines  to  split  into  nondegen¬ 
erate  A  and  doubly  degenerate  E  components. 

Unfortunately,  this  splitting  is  expected  to  take  place  at  the 
frequency  where  the  center  of  the  rotational  transitions  of  the 
excited  torsional  states  have  "turned  back"  (see  Fig.  3)  into  the 
upper  K_i  =»  1  lines  of  the  lower  torsional  states ,  and  thus  it  is 
impossible  to  clearly  distinguish  the  weaker  lines  of  the  higher 
excited  states. 

It  was  hoped  that  double  resonance  experiments  ( RFMWDR)  could  cir¬ 
cumvent  this  problem^7  ^  RFMWDR  techniques  were  used  to  identify 
and  measure  the  J:  5+6,  *  2  transitions  of  the  molecule  in  its 

ground  as  well  as  first  excited  torsional  state,  using  a  pump 
frequency  of  3.1  MHz,  which  happens  to  be  the  asymmetry  splitting 
of  the  J= 5  levels  for  the  ground  state  and  the  splitting  of  the 
levels  of  the  first  excited  torsional  state.  Using  a  pump  frequency 
of  6.15  MHz  (the  ground  state  splitting  of  the  J«6  levels)  only  the 
ground  state  transitions  are  observed. 
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It  was  also  possible  to  observe  the  K  ^  *  1  lines  in  RFMWDR  (Ji  5  +  6) 
for  the  ground  (vp  *  307.0  MHz),  the  1st  excited  torsional 
(vp  *  218.4  MHz),  the  2nd  ( vp  *  128.7  MHz)  and  barely  the  3rd 
excited  torsional  state  (vp  *  36.1  MHz). 

The  weakness  of. the  3rd  excited  torsional  state  transitions  ex¬ 
tinguished  the  hope  of  finding  the  «  4  lines  using  the  DR- 
technique,  which  would  otherwise  have  overcome  the  problem  of 
overlapping. 

Fortunately,  however,  the  J:  1+2  transitions  around  7.9  GHz 
(Fig.  5),  modulated  at  a  Stark  field  of  800  V/cm  only  show  the 
K_^  *  0  transitions,  and  thus  provide  a  somewhat  clearer  picture. 

It  looks  like  the  v^^  *  3  transition  is  somewhat  broadened  com¬ 
pared  to  the  v15  *  0,  1  and  2  transitions,  and  the  «  4  tran¬ 

sition  is  possibly  split  into  two  components,  indicating  a 
torsional  level  approaching  the  top  of  the  barrier. 

The  assumption  of  a  purely  sinusoidal  potential  allows  a  deter¬ 
mination  of  the  barrier  heights  from  the  torsional  force  constant, 
known  from  the  normal  coordinate  analysis 

92V  a2  V  9V3 

f.c.  *  ^  (_3  (1  -  cos  3a))  at  o  «  0  « 

3a  3a  2 

o  9V 

or:  0.03  mdyn  A  =  4.35  kcal/mol  =  ;  V3  «  0.97  kcal/mol. 

Thus,  the  v^5  *  4  state  with  an  energy  of  .675  kcal  is  in  fact  quite 
close  to  the  top  of  the  barrier,  especially  since  the  addition 
of  a  few  per  cent  V,  potential  would  somewhat  lower  the  value  of 

D 

.  It  seems,  although  the  evidence  is  sparse,  that  the  decrease 
in  B-C  on  excitation  of  v15  is  due  to  the  hindered  internal 
rotation  of  the  trifluoro  methyl  group. 
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DISCUSSION 


The  most  significant  features  of  the  CF3N3  structure  are  the 
bond  lengths,  the  nonlinearity  of  the  N3  group,  and  the  torsion 
and  tilt  angle  of  the  CF3  group  with  respect  to  the  N3  group. 

These  features  are  discussed  in  the  following  paragraphs. 

Bond  Lengths.  The  above  results  clearly  demonstrate  that  in  CF3N3 
the  Nfi-N  bond  is  significantly  shorter  than  the  Nft-N  bond. 

to  pa 

This  can  be  attributed  to  the  electron  withdrawing  effect  of  the 
CF3  group.  A  comparison  of  the  MN3  series  (M  ■  alkali  metal, 
(CH3)3Si,  H,  Cl,  CF3 )  shews  that  if  M  is  of  very  low  electro¬ 
negativity,  as  for  example  in  the  alkali  metals,  we  have  an 

+  -  o 

ionic  M  N  3  structure  (I)  with  two  degenerate  N-N  bonds  of  1.16A 

each.  With  increasing  electronegativity  of  M,  the  M-N  bond 
becomes  more  covalent  and  the  contribution  from  the  resonance 
structure  (III)  increases,  due  to  the  electron  withdrawing  effect 
of  M.  This  causes  an  increase  in  the  bond  length  difference 
between  Nfi-N  and  Nfi-N  (see  Table  5). 

P  05  P  0 

s  ©  N  ©  Q.  © 

I  /  I 

M  M 

(II)  (III) 

A  comparison  of  the  C-N  bond  lengths  in  CH  N.  and  CF-N-  also 

shows  the  expected  effect'  .  Replacement  of  the  CH3  by  the 

CF3  group  results  in  bond  shortening  if  the  groups  are  bonded  to 

electronegative  atoms  or  groups.  Hence  the  C-N  bond  in  CF-N, 
o 

(1.425A)  is  significantly  shorter  than  that  in  CH3N  (1.468A). 


©O  ©  \  © 

M  'N  «  N  *  N^  - 


(I) 
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Torsional  Angle  of  the  CX^  Group,  in  general  methyl  or  tri- 
fluoro  methyl  groups  prefer  the  staggered  position  with  respect 
to  single  bonds,  but  prefer  an  eclipsed  position  with  respect  to 
double  bonds.  Representative  examples  i..  the  case  of  OC  double 
bonds  are:  CX3CH«CH2 * 18 }  and  trans  CX3CH«CHCX3* 20 * .  Only 
strong  steric  repulsions  can  force  CF3  groups  to  abandon  the 
eclipsed  position,  such  as  in  cis  CF^H-CHCF^ 20 ) .  Only  one 
example  is  known  for  N*N  double  bonds:  ^rans  CX3N»NCX  ^0,21,22) 
where  the  CX3  groups  again  eclipse  the  N-N  double  bond  and  stagger 
the  N  lone  pair.  In  CF3N3  the  CF3  group  occupies  a  staggered 
position  with  respect  to  the  n3  group  as  shown  oy  (IV),  ,nd  this 
indicates 


(IV)  (V)  (VI) 


a  significant  contribution  from  resonance  structure  (III).  For 
this  structure  configuration  (IV)  minimizes  the  repulsion  between 
the  fluorine  free  valence  electrons  and  the  two  sterically  active 
free  electron  pairs  on  the  Nq  atom  (indicated  by  broken  lines  in 
(IV).  In  contrast  to  CF^,  the  CH3  group  in  CH^  appears  to  be 
in  an  intermediate  position  between  eclipsed  and  staggered* 23 * , 
(25*7*  from  the  eclipsed  position)  which  may  be  explained  in  the 
following  manner:  resonance  structure  (II)  should  result  in  a 
staggered  (V)  and  resonance  structure  (III)  in  an  eclipsed  (VI) 
configuration.  Since,  as  discussed  above,  the  bond  lengths 
indicate  that  structure  (II)  contributes  more  strongly  to  the 
structure  of  CH3N3  than  to  that  of  CF3N3,  the  observation  of  an 


R-l  1 


ntermediate  torsional  angle  is  not  surprising. 


Linearity  of  the  Group  and  CF^  Tilt  Angle.  In  the  N3 

group  is  slightly  (10*)  bent  away  from  th^  CF3  group,  and  the  CF^ 
group  is  tilted  away  from  the  N3  group  by  5.8*.  This  is  readily 
ex«>  ined  by  the  repulsion  between  the  fluorine  free  valence 
electron  pairs  and  the  tt  bond  electron  system  of  the  N3  group.  A 
comparison  of  these  values  with  those  in  CH3N3  would  be  most 
interesting,  but  unfortunately  no  experimental  values  are  presently 
available  for  CH3N3.  It  is  interesting  to  note  that  the  angles 
of  the  N3  group  found  for  HN3#  C1N3,  NCN3,  and  CF3N3  are  all  very 
similar.  However,  it  should  be  kept  in  mind  that  most  of  these 
values  carry  rather  large  uncertainties. 

Torsional  Effects  on  the  Structure.  The  present  data  for  the 

excited  torsional  states  do  not  allow  a  determination  of  the 

structural  changes  upon  excitation  of  v15»  It  is  clear  from 

model  calculations,  however,  that  several  parameters  must  change 

their  value  in  order  to  reproduce  the  rotational  constants  of  the 

excited  states.  Thus  heavy  relaxation,  not  only  in  the  trifluoro 

methyl  group,  but  also  in  the  tilt  and  the  CN  N.  angle,  is  assumed 

a  d 

to  take  place. 
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Table  1.  Interatomic  distances,  vibrational  amplitudes 

from  spectroscopic  and  electron  diffraction 

data  (error  limits  are  3a  values)  and  vibra- 

o 

tional  corrections  A  (in  A). 


atom 

rij 

vibrational  amplitudes  1 

A-r  -r 
a  2 

pair 

spectr . 

e.d. 

Ne  -  N 

1.12 

0.034 

0.034® 

0.0060 

6  u 

N«  -  N6 

1.25 

0.04  2 

0.042  ( 4 )b 

0.0004 

C  -  F 

1.33 

0.04  5 

0.045  ( 4 )b 

0.0013 

C  -  Na 

1.43 

0.053 

0.053  ( 4 )b 

-0.0001 

F.  .F 

2.16 

0.054 

0.056  ( 3 )C 

0.0009 

Na ' '  Ft 

2.18 

0.061 

0.063  ( 3 )C 

0.0004 

Na  •  • f  g 

2.30 

0.063 

0.0001 

2.23 

0.067 

0.067® 

-0.0006 

2.36 

0.046 

0.046® 

0.0028 

V’Fg 

2.71 

0.169 

0.174  (26) 

-0.0072 

C.  .N 

3.27 

0.085 

0.095  (40) 

-0.0003 

U) 

N8  "  Ft 

3.31 

0.092 

0.092® 

0.0021 

N, 

w  g 

3.56 

0.229 

0.250  (33) 

-0.0096 

N  .  .  F. 

U)  t 

4.42 

0.141 

0.096  (57) 

0.0130 

B  K  Q 

Not  refined,  '  Ratio  constrained  to  spectroscopic  ratio. 
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Table  2.  Geometric  parameters  (£  and  degrees)  for  CF3N3 
from  electron  diffraction  and  combined  electron 
diffraction  -  microwave  analysis. 


e.d. 

o 

ro 

a 

e.d.  +  m.w. 

rav 

C-F 

1.329 

(3) 

1.328 

(2) 

C-N 

a 

1.427 

(5) 

1.425 

(5) 

N„-N6 

1.250 

(7) 

1.252 

(5) 

VNu, 

1.117 

(4) 

1.118 

(3) 

CNaN6 

111.8 

(1.1) 

112.4 

(0.2) 

N  N0  N  0 

2  8  U) 

175.3 

(4.3) 

169.6 

(3.4) 

FCF 

108.4 

(0.4) 

108.7 

(0.2) 

tiltd 

4.4 

(1.2) 

5.8 

(0.4) 

aResults  from  electron  diffraction  analysis;  error  limits 
are  2o  values  and  include  a  possible  scale  error  of  0.1% 
for  bond  lengths. 

^Results  from  combined  electron  diffraction  -  microwave 
analysis;  error  limits  are  2o  values. 

C  - 

Bend  away  from  CF3  group. 

dTilt  of  CF^  group  away  from  group. 
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CF 

6.69 

CF/CF 

1.06 

CN 

4.84 

CF/CN 

0.46 

N  N 
o  8 

7.75 

CF/FCF  (adj) 

0.51 

N.  N 

8  to 

16.88 

CF/FCF  (opp) 

>0.33 

FCF 

1.82 

CN/FCF 

-1.00 

NCF 

1.20 

CN/NCF  (adj) 

0.42 

CNN 

1.49 

CN/NNN 

-0.54 

NNN 

0.67 

FCF/FCF 

0.23 

tors 

0.03 

FCF/NNN 

-0.18 

NNN/ tors 

-0.07 

aStretch 

in  mdyn/A, 

stretch/bend  in 

mdyn/rad 

o  2 

bend  in  mdynA/rad 
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Table  5.  Principal  geometric  parameters  of  some  azides,  XN-*.  studied  in  the  gas  phase. 
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Figure  Captions 

1.  Experimental  { . )  and  calculated  ( - )  molecular 

intensities  and  differences. 

2.  Experimental  radial  distribution  function,  theoretical 
functions  for  staggered  and  eclipsed  conformations  and 
difference  curve  between  experimental  and  theoretical 
staggered  conformation. 

3.  The  J *  4+5  rotational  transitions.  Stark  field:  200  V/cm. 
Arrows  indicate  frequencies  at  which  *  0  lines  appear 
at  higher  Stark  fields. 

vT  «  v15»  vT  *  4  indicates  the  center  of  the  A  components 
of  the  torsionally  split  vT  =  4  state.  The  K_1  «=  1  lines 
have  not  definitively  been  assigned. 

4.  The  J:  5^*6.^  transitions  showing  several  vibrat ionally 
excited  states  at  a  Stark  field  of  800  V/cm.  vT  =  v^5* 

5.  The  J:  lgi*^02  transitions  at  a  Stark  field  of  800  V/cm. 
Marker  spacing  is  0.8  MHz.  The  assignment  of  vT  *  4  is 
speculative,  although  other  J  candidates  for  the  A  com¬ 
ponents  have  been  located. 
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Structure  and  Vibrational  Spectra  of  Oxonium 

Hexafluoro- Arsenates  (V)  and-Antimonates  (V) 

*i  2  2  2  ,  „  J 

K.  0.  Christe,  P.  Charpin,  E.  Soulie,  R.  Bougon,  and  0.  Fawcett 


Abstract 


The  salts  003+AsFg",  003+$bFg’  and  partially  deuterated  0H3+SbF^  were 
prepared  and  characterized  by  X-ray  and  neutron  diffraction  techniques, 

OSC  measurements,  and  vibrational  spectroscopy.  At  room  temperature, 
0H3+AsFg~  exists  in  a  plastic  phase  where  ions,  centered  on  the  atomic 
positions  of  the  NaCl  structure,  are  in  motion  or  oscillation.  No  valuable 
Information  on  atomic  distances  or  angles  in  0H3+AsFg’  could  be  obtained  due 
to  these  dynamic  structural  disorder  problems.  For  0H3  SbFg  the  phase 
transition  from  an  ordered  to  a  disordered  phase  was  shown  to  occur  above 
room  temperature.  The  room  temperature  phase  can  be  described  by  an 
ordered  hydrogen  bonded  model  based  on  a  CsCl  type  structure.  Vibrational 
spectra  were  recorded  for  these  oxonium  salts  and  confirm  the  presence  of 
the  different  phases  and  phase  transitions.  Improved  assignments  are  given 
for  the  0H3+  and  003+  cations,  and  the  0H...FM  bridge  stretching  mode  and 
some  of  the  bands  characteristic  for  OOgH^and  ODHg*  were  identified.  A 
modified  valence  force  field  was  calculated  for  0H3+  which  is  in  good 
agreement  with  the  known  general  valence  force  field  of  isoelectronic  NH3 
and  values  obtained  by  ab  initio  calculations. 
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Int rod act Ion 

Although  the  existence  of  oxonlur.i  salts  at  low  temperature  had  been  well 

known  for  many  years,  the  synthesis  of  surprisingly  stable  0H,+  salts 

-  -  4  J 

containing  the  AsFfi  and  SbF^  anions  has  been  reported  only  in  1975. 

Since  then  numerous  papers  have  been  published  on  other  0H,+  salts 

»  5  _  r  J 

containing  complex  fluoro  anions,  such  as  UF*  ,  B1FC  ,  IrFc  ,  PtF.  , 

.id  .  g  _  i  fj  o  o  ®  ® 

RuFft  ,  TiFg  ,  or  BF^  .  In  these  oxonlum  salts  the  cations  and  anions 

are  strongly  hydrogen  bonded,  as  shown  by  the  short  0-F  distances  of  2.51 
o  g  -jo 

to  2.61A  found  by  X-ray  diffraction  studies.  Since  the  nature  of 

these  hydrogen  bridges  is  strongly  temperature  dependent,  these  oxonium 

salts  show  phase  transitions  and  present  interesting  structural  problems. 

In  this  paper  we  report  unpublished  results  accumulated  during  the  past 

eight  years  in  our  laboratories  for  these  oxonlum  salts. 

Experimental  Section 

Materials  and  Apparatus.  Volatile  materials  used  in  this  work  were  manipulated 
in  a  well -passivated  (with  C1F3  and  HF  or  DF)  Monel-Teflon  FEP  vacuum  system.11 
Nonvolatile  materials  were  handled  in  the  dry  nitrogen  atmosphere  of  a  glove 
box.  Hydrogen  fluoride  (The  Matheson  Co.)  was  dried  by  storage  over  BiFg. 

SbFg  and  AsF^  (Ozark  Mahoning  Co.)  were  purified  by  distillation  and  fractional 
condensation,  respectively,  and  DF  (Ozark  Mahoning  Co.)  and  020  (99. 6*,  Volk) 
were  used  as  received.  Literature  methods  were  used  for  the  preparation  of 
02AsF612  and  0H3SbF6  and  OH^AsFg.4 

Infrared  spectra  were  recorded  on  a  Perkin-Elmer  Model  283  spectrometer,  which 

13  14 

was  calibrated  by  comparison  with  standard  gas  calibration  points.  *  Spectra 
of  solids  were  obtained  by  using  dry  powders  pressed  between  AgCl  or  AgBr 
windows  in  an  Econo  press  (Barnes  Engineering  Co.).  For  low- temperature  spectra, 
the  pressed  silver  halide  disks  were  placed  in  a  copper  block  cooled  to  -196°C 
with  liquid  N2  and  mounted  in  an  evacuated  10  cm  path  length  cell  equipped 
with  Csl  windows. 
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Raman  spectra  were  recorded  on  a  Cary  Model  83  spectrophotometer  using  the 
4880-A  exciting  line  and  a  Claassen  filter16  for  the  elimination  of  plasma 
lines.  Sealed  quartz  tubes  were  used  as  sample  containers  in  the  transverse- 
viewing,  transverse-excitation  technique.  The  low- temperature  spectra  were 
recorded  using  a  previously  described16  device. 

A  Perkin-Elmer  differential  scanning  calorimeter.  Model  DSC-1B,  equipped 
with  a  liquid  N2  cooled  low- temperature  assembly,  was  used  to  measure  phase 
transitions  above  -90°C.  The  samples  were  crimp  sealed  in  aluninum  pans, 
and  a  heating  rate  of  5°/min  in  N2  was  used.  The  instrument  was  calibrated 
with  the  known  mp  of  n-octane,  water,  and  indium. 

The  neutron  powder  diffraction  patterns  of  0H3+AsFg’,  0D3+AsFg*,  and  D2+AsFg~ 
were  measured  at  Saclay  using  the  research  reactor  EL3  with  A  *  1.1 4D$  for 
20  ranging  from  6  to  44°.  The  data  for  OD^SbFg*  were  recorded  at  ILL 
Grenoble  with  A  =  1.2778$  for  20  ranging  from  12  to  92°  with  400  measured 
values  of  intensity  separated  by  0.10°. 

The  X-ray  powder  diffraction  patterns  were  obtained  from  samples  sealed  in 
D.3nm  Lindemann  capillaries  with  a  114, 6mn  diameter  Philips  camera  using 
Ni-filtered  Cu  Ka  radiation.  Low- temperature  diagrams  were  measured  using 
a  jet  of  cold  N2  to  cool  the  sample  and  a  Meric  MV3D00  regulator. 

The  single  crystal  of  OH^SbFg*  was  Isolated  as  a  side  product  from  the 
reaction  of  MoF^O  and  SbF^  in  a  thin  walled  Teflon  FEP  reactor  with  H20 
slowly  diffusing  throigh  the  reactor  wall. 

Preparation  of  OD^AsF^.  A  sample  of  D2<3  (987. 5mg,  49.30nmol)  was  syringed 
in  the  drybox  into  a  3/4  inch  Teflon  FEP  ampule  equipped  with  a  Wlon  coated 
magnetic  stirring  bar  and  a  stainless  steel  valve.  The  ampule  was  connected 
to  a  Monel -Teflon  vacuum  line,  cooled  to  -196°C,  evacuated,  and  DF  (lOg)  was 
added.  The  mixture  was  homogenized  at  room  temperature,  and  AsF^  (57,7nmol) 
was  added  at  -196°C.  The  mixture  was  warmed  to  -78°C  and  then  to  ambient 
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temperature  for  1  hr  with  agitation.  All  material  volatile  at  ambient 
temperature  was  pumped  off  for  2  hr,  leaving  behind  a  white  solid  residue 
(10.408g,  weight  calcd  for  49.30mmol  of  0(K+AsF  "  10.4D2g)  identified  by  IR 

+  J  O  + 

spectroscopy  as  mainly  OD^  AsFg  containing  a  small  amount  of  0D2H  AsFg 
as  Impurity. 

Preparation  of  OD^SbF^  .  Antimony  pentafluoride  (18.448g,  85.11mmol)  was 
added  in  the  drybox  to  a  3/4  inch  Teflon  FEP  ampule  equipped  with  a  Teflon 
coated  magnetic  stirrinq  bar  and  a  stainless  steel  valve.  The  ampule  was 
connected  to  the  vacuum  line,  cooled  to  -78°C,  evacuated  and  DF  (23. lg)  was 
added.  The  mixture  was  homogenized  at  room  temperature.  The  ampule  was 
cooled  inside  the  drybox  to  -196°C,  and  D?0  (1 . 6951 g ,  84.63mmol)  was  added 
with  a  syringe.  The  mixture  was  agitated  for  several  hours';  and  all  material 
volatile  at  45°C  was  pumped  off  for  14  hr.  The  white  solid  residue  (21.987g, 
weight  calcd  for  84.63mmol  of  003+SbF6~  21 .81 3g)  was  identified  by  spectroscopic 
methods  as  mainly  0D3+$bF6*  containing  small  amounts  of  0D2H  SbF^". 

Preparation  of  Partially  Deuterated  OH^SbF^".  A  sample  of  0H3+SbF6"  (2.0016g, 
7.857mmol)  was  dissolved  in  liquid  DF  (2.012g,  95.81mmol)  in  a  Teflon  ampule 
for  1  hr.  All  volatile  material  was  pumped  off  at  45°C  for  3  hr  leaving  behind 
a  white  solid  residue  (2 . 020g ,  weight  calcd  for  7.857mmol  of  0D3+SbFg“  2.0252g) 

which  based  on  its  vibrational  spectra  showed  about  equimolar  amounts  of  0D7+ 

+  +  -  ^ 
and  0D2H  ,  and  smaller  amounts  of  0DH2  SbF^  (calcd  statistical  product  distrl- 

but  Ion  for  19.745SH  anc  3D.26SD:  0D3+51.68,  0D2H+38.16,  00H2+9.33,  and  0H3+0.77 

mol%). 


Results  and  Discussion 


Syntheses  and  Properties  of  Deuterated  Oxonium  Salts.  The  0D,+  salts  were 

“*  1  "  '  — - - - - — - - - — . .  . . K -  0  + 

prepared  by  the  same  method  as  previously  reported  for  the  corresponding  0H3 
salts,  except  for  replacing  H20  and  HF  by  D20  and  OF,  respectively. 

020  +  DF  +  MF5'-DF  »  003+MF6'  (M=As,Sb) 
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The  yields  are  quantitative  and  the  samples  were  almost  completely  deuterated. 
The  small  amounts  of  DD2H+  observed  in  the  infrared  spectra  and  to  a  lesser 
degree  in  the  Raman  spectra  of  the  products  (see  below),  are  attributed  to 
small  amounts  (0.6X)  of  HgD  in  the  D£0  starting  material  and  to  exchange 
with  traces  of  moisture  during  the  preparation  of  the  IR  samples.  A  partially 
deuterated  sample  of  DH3+SbF6‘  was  prepared  by  treating  solid  DH3+SbF6‘  with 
an  excess  of  OF. 

DH,+SbF  ‘  +  nOF - —  DH,  D +SbF,"  +  nHF 

J  0  3-n  n  6 

The  exchange  appeared  to  be  fast,  and  the  product  exhibited  the  correct 
statistical  DD3+,  DD2H+,  DDHg*,  DH3*  distribution  based  on  the  H: D  ratio 
of  the  starting  materials.  As  expected,  the  physical  properties  of  the 
deuterated  oxonium  salts  were  practically  identical  to  those*  of  the 
corresponding  0H3+  salts. 

DSC  Data.  Since  the  neutron  and  X-ray  diffraction  data  suggested  (see  below) 
that  at  room  temperature  DH3$bFg  is  ordered  whereas  0H3AsF^  exists  in  a  plastic 
phase,  low-temperature  DSC  data  were  recorded  to  locate  the  corresponding 
phase  changes  for  each  compound. 

The  0D3AsFg  salt  exhibited  on  warm  up  from  -9D°C  a  large  endothermic  phase 
change  at  2.5°  which  was  shown  to  be  reversible,  occurring  at  -7.5°  on 
cooling.  For  DH3AsF^  this  phase  change  was  observed  at  practically  the  same 
temperatures.  No  other  endotherms  or  exotherms  were  observed  between  -9D°C 
and  the  onset  of  irreversible  decomposition.  The  observed  phase  change 
temperatures  are  in  excellent  agreement  with  those  found  by  low- temperature 
Raman  spectroscopy  (see  below). 

For  DH3SbF6  three  small  endotherms  at  2D,  49,  and  81°C  and  a  large  endothermic 
phase  change  at  100°C  were  observed  on  warming.  All  of  these  were  reversible 
occurring  at  19,  42,  77  and  96°C,  respectively,  on  cooling.  For  0D3SbF^  the 
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corresponding  changes  were  observed  at  20,  48,  82,  and  100°C  on  warming  and 
20,  43,  74,  and  76°C  on  cooling.  Again  no  other  heat  effects  were  observed 
in  this  temperature  range.  The  temperature  differences  observed  for  phase 
changes  between  the  heating  and  cooling  data  is  attributed  to  hysteresis 
which  normally  is  a  problem  in  salts  of  this  type.^  The  smaller  heat 
effects  observed  for  0H3$bFg  below  the  major  order-disorder  phase  transition 
may  be  attributed  to  damping  of  rotational  motions  of  the  ions,  similar  to 
those  found  for  OgAsFgJ* 

For  OH^BiFg  no  phase  transitions  were  observed  between  -90°C  and  the  onset  of 
decomposition. 

Structural  Studies 


0H^AsF£.  As  previously  reported/  this  compound  is  cubic  at  room  temperature, 
J— — o—  o 

and  a  cell  parameter  of  8.043(8)A  was  found  in  this  study  from  X-ray  powder 
data.  It  exhibits  only  one  phase  transition  at  -2±5°C  (based  on  DSC  and  Raman 
data)  in  the  temperature  range  from  -90°C  to  its  decomposition  point.  The 
X-ray  powder  pattern  at  -153°C  is  given  in  Table  1  and  indicates  a  lowering 
of  the  symmetry  in  agreement  with  the  low- temperature  vibrational  spectra 
(see  below).  Attempts  to  index  the  pattern  were  unsuccessful. 


It  is  interesting  to  compare  the  X-ray  powder  diffraction  patterns  of  0H..AsFfi 

4  12  18  >30 

and  02AsFg.  Whereas  their  room  temperature  patterns  *  ?  and  cell  parameters 
are  for  practical  purposes  identical,  their  low-temperature  patterns  (Table  1 
and  ref.  19)  are  very  distinct  due  to  different  ion  motion  freezing.  Since 
0H3+,  0D3\  and  02+  are  weak  X-ray  scatterers,  but  contribute  strongly  to 
the  neutron  scattering,  neutron  diffraction  powder  patterns  were  also  recorded 
at  room  temperature  for  their  AsFg”  salts  (see  Table  II).  As  expected,  the  cell 
dimensions  were  for  practical  purposes  identical,  but  the  observed  relative 
intensities  were  very  different. 
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Attempts  were  made  to  obtain  structural  information  from  the  room- temperature 
neutron  diffraction  powder  patterns  of  OH^AsFg  and  OD^AsFg.  It  was  shown 

that  the  unit  cell  is  indeed  face-centered  cubic  and  that  an  alternate 

4 

solution,  a  primitive  cubic  CsPFg  structure,  can  be  ruled  out  for  both 
compounds.  The  number  of  observed  peaks  is  rather  small,  but  the  respective 
intensities  due  to  the  substitution  of  hydrogen  by  deuterium  (scattering 
lengths  bH  -  -0.374,  bQ  *  0.667)  are  very  different  (Table  II).  The  rapid 
vanishing  of  Intensities  at  large  diffraction  angles  and  the  presence  of  a 
bump  in  the  background  level  implying  a  short  distance  order,  are  character¬ 
istic  of  plastic  phases  with  ions  in  motion.  The  only  models  which  could 
be  tested  to  describe  such  a  motion  have  been  tried  successively. 

The  first  one  is  a  disordered  model  with  statistical  occupancy  factors  for 

fluorine  atoms  and  hydrogen  atoms  in  the  Fm3  symmetry  group.  This  corresponds 

to  four  equivalent  positions  of  the  octahedra  around  the  fourfold  axes,  and 

to  eight  positions  for  the  0H3+  ion.  Using  the  intensities  observed  for  0H3AsFfi, 

the  solution  refines  to  R  =  0.047,  but  Is  not  considered  acceptable  because 

o  o 

the  resulting  distances  As-F  =  1.58A  and  0-H  *  0.82A  are  too  short  when  compared 
o  o  +  .  pi 

to  As-F  =  1 . 71 9(3 ) A  in  KAsF^°  and  0-H  =  1.011(8)A  In  0H3  p-CH^H^  . 

The  second  one  is  a  rotating  model  which  places  As  at  the  000  position 
connected  to  fluorines  by  a  complex  term 

bfo  +  x  =  4  si" 

and  0  at  the  1/2  1/2  "i/2  position  connected  to  H  atoms  by 

bQ  +  3bH~  s^n  x  with  x  =  4  *rH  sin  e/X 

where  b^s»  bp,  bQ  and  bH  are  the  scattering  lengths  of  As*  F,  0,  and  H, 
respectively.  The  As-F  distance, rp,and  the  0-H  distance, r^, are  the  only 
unknowns  with  the  scale  factor  of  the  structure. ^  The  best  results 
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o  o 

(R  *  0.059)  are  obtained  with  the  combination  As-F  s  1.59A  and  O-H  *  Q.81A, 
not  so  different  indeed  from  the  first  model. 

o 

For  OO^AsFg,  the  second  model  gives  more  plausible  distances,  As-F *  1.65A 
and  0-0  =  1.01A  with  R  =  0.054,  if  the  intensity  of  the  200  reflexion  is 
arbitrarily  lowered  by  20%  assuming  the  excessive  intensity  being  due  to 
preferential  orientation. 

Based  on  the  short  distances  found  for  OH^AsFgt  we  can  consider  that  the 
real  structure  is  probably  not  properly  accounted  for  by  either  one  of  the 
models,  due  to  the  motion  of  the  ions  which  is  not  correctly  simulated  as 
for  other  plastic  phases. 

QH^SbFg.  Based  on  the  DSC  data  (see  above)  the  transition  from  an  ordered 
to  a  disordered  phase  occurs  at  88±12°C.  The  existence  of  an  ordered  phase 
at  room  temperature  for  0H3SbFg  and  its  deuterated  analogues  was  confirmed 
by  the  diffraction  studies.  The  X-ray  powder  diffraction  pattern,  which 
originally  had  been  read  backwards  due  to  very  intense  back  reflections  and 

4 

indexed  incorrectly  as  tetragonal,  is  listed  in  Table  III.  By  analogy  with 

23  24 

a  large  class  of  other  MFg  compounds,  such  as  O^PtFg  anc^  OgSbFg*  the 
OH^SbFg  pattern  can  be  indexed  for  a  cubic  unit  cell  with  a  -  10.1 43{ 3 )A 
( CEN  data)  or  1Q.Q90A  (Rocketdyne  data).  The  cell  dimensions  were  confirmed 
by  a  single  crystal  X-ray  study  at  Leicester  (see  below)  which  resulted  in 
a  -  10.1 30{ 8)5^.  Although  all  of  the  observed  X-ray  reflections  obey  the 
conditions  (h+k+l=2n  and  Okl  where  kl-2)  for  space  Ia3,  the  neutron  diffraction 
data  (see  below)  suggest  a  lower  symmetry  subgroup,  such  as  I23.  In  the 
following  paragraphs  the  results  obtained  for  the  ordered  cubic,  room  temper¬ 
ature  phase  of  OH^SbFg  are  discussed  in  more  detail. 

Single  Crystal  X-ray  Study.  The  OH^SbFg  single  crystal  had  the  approximate 
dimensions  0.46  x  0.35  x  0.22mm  and  was  sealed  in  a  Pyrex  capillary.  Pre¬ 
liminary  cell  dimensions  were  obtained  from  Weissenberg  and  precession 
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photographs.  The  final  value  for  the  unit  cell  parameter  was  determined 
from  the  optimized  counter  angles  for  zero  layer  reflections  on  a  Stoe 
Weissenberg  diffractometer.  The  data  were  collected  for  layers  Okl  to  6kl 
of  the  aligned  pseudotetragonal  cell,  using  the  Stoe  Stadi-2  diffractometer, 
in  the  four  quadrants  h  ±  k  ±  1  and  an  w-scan  technique  with  Zr  filtered 

o  i 

Mo  Ya  radiation.  The  intensities  of  reflections  with  0.171  «  Sine/A$  1.22A 
were  collected,  and  a  total  of  719  reflections  obtained  with  I/oI  »3.  Check 
reflections  were  monitored  during  the  data  collection  of  each  layer  and  no 
deterioration  of  the  crystal  was  indicated,  lorentz  and  polarisation 
corrections  were  made  to  the  data  set. 

25 

The  program  system  Shelx  was  used  to  solve  the  structure.  Neutral  scat¬ 
tering  factors  were  used  with  anomalous  dispersion  coefficient.  Three  cycles 
of  least  squares  refinement  with  antimony  on  the  Wyckcff  position,  8a  (i,  i) 
of  the  space  group  Ia3  gave  an  R  factor  of  0.27.  The  Fourier  difference  map 

located  a  9  electron  peak,  assumed  to  be  oxygen,  on  the  8b  position  (i,  i,  i) 

o 

with  two  sets  of  possible  fluorine  octahedra  each  at  1.90A  from  Sb.  Three 

cycles  of  refinement  with  the  oxygen  atom  included, reduced  the  R  factor  to 

0.22.  The  inclusion  of  either  of  the  peaks  on  the  general  positions  about  Sb, 

as  F  atoms,  with  all  atoms  refining  isotropically  resulted  in  a  reduced  Rq 

factor  of  0.13;  however,  the  refinement  cycles  moved  the  F  atoms  to  >2.0A 

from  Sb.  The  inclusion  of  fluorine  atoms  also  resulted  in  a  more  complex 

difference  Fourier  map,  with  several  peaks  *  3  electrons  appearing.  The 

alternate  fluorine  atom  positions  indicated  were  refined  as  disordered, 

initially  refining  the  site  occupation  factors  and  then  the  temperature 

factors.  The  resultant  R  factor  of  0.12  was  not  significantly  less  than  with 

o 

an  ordered  structure;  one  of  the  fluorine  atoms  refined  to  a  position  2.2A  from 

Sb,  and  further  possible  fluorine  sites  appeared  in  the  Fourier  map.  Refinement 

of  various  models  with  either  ordered  fluorine  atoms  or  disordered  atoms  con- 

o 

strained  to  be  1 . 86( 3 )A  from  antimony,  did  not  improve  the  R  factor  or  the 
residual  Fourier  map.  For  final  cycles  of  least -squares  refinement,  the  atomic 
positional  and  thermal  parameters  of  that  fluorine  atom  which  remained  at  the 
expected  distance  from  antimony  in  the  disordered  model,  were  refined.  This 
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represents  an  incomplete  solution,  as  the  fluorine  atom  parameters  reported 
appear  representative  of  disorder.  This  is  reflected  in  the  structure 
factors,  where  agreement  between  |Fo|  and  |Fc|  is  good  for  even,  even,  even 
refle:tions  with  dominant  contribution  by  the  antimony  and  oxygen  atoms  but 
poor  for  odd,  odd,  even  reflections  which  are  dependent  only  upon  the  fluorine 
(and  hydrogen)  atom  parameters.  The  final  atomic  positional  and  thermal 
parameters  are  given  in  Table  IV,  with  some  atomic  distances  and  angles.  Final 
residual  indices  for  155  unique  reflections  is  R  *  0.119. 

Neutron  Powder  Oiffraction  Study.  For  OO^SbFg  46  reflexions  were  observed  (see 

Figure  1)  out  of  which  4  could  not  be  indexed  on  the  basis  of  the  cubic  cell 

and  are  attributed  to  an  unidentified  impurity  (mainly  lines  at  3.269,  2.235 

and  2-2258) .  The  list  of  observed  reflexions  is  given  in  Table  V  in  compari- 

0 

son  with  X-ray  data.  The  cell  parameter  is  10.116(6)A. 

26 

The  Rietweld  program  for  profile  refinement  was  used  to  solve  the  structure. 

The  first  refinement  was  attempted  in  the  Ia3  space  group  starting  from  the 
X-ray  values  for  Sb,  0  and  F  and  adding  approximate  values  for  0  with  the  00^ 
ion  being  disordered  on  two  equivalent  positions  (occupancy  factor  =  \  of 
general  positions  xyz).  The  system  refined  to  R  s  0.135  with  the  following 
parameters: 


Atom 

X 

y 

z 

oa 

B  (A  ) 

Sb 

0.5 

0.5 

0.5 

0.94(25) 

Ox 

0.25 

0.25 

0.25 

4.87(41) 

F 

0.441(6) 

0.604(6) 

0.641(7) 

2.88(13) 

0 

0.300(1) 

0.317(1) 

0.204(1) 

2.98(27) 

The  y  and  z  coordinates  of  fluorine  atom  have  been  permuted,  probably  due  to 
the  choice  of  the  coordinates  of  deuterium.  The  atomic  distances  and  angles 
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Sb-F 

0 

1.87A 

0-F 

0 

2.67A 

Q-D 

0.968 

Q 

D-D 

1.56A 

D00: 

which  compare  relatively  well  with  the  X-ray  values  of  Table  IV.  At  this 
stage,  our  attention  was  drawn  to  the  presence  of  a  weak  but  well  isolated 
line  at  an  angle  e  high  enough  not  to  be  attributed  to  the  Impurity.  This 
line  corresponded  to  a  730  reflexion,  a  forbidden  reflexion  In  the  space 
group  Ia3  (hko,  hk  *  2n).  In  view  of  a  similar  observation  for  the  cubic 
phase  of  KSbFg(II)  (in  this  case  the  310  reflexion),27  the  trouble  with 
locating  the  fluorine  atoms  by  difference  X-ray  syntheses,  and  mainly  the 
incompatibility  of  the  group  Ia3  with  the  observed  Raman  and  IR  spectra 
(see  below),  we  considered  the  possibility  of  an  ordered  structure  In  a  subgroup 
of  the  Ia3  space  group,  first  the  noncentrosymmetrlc  12^3  space  group  (No.  199). 

Since  the  symmetry  center  does  not  exist  anymore,  the  local  symmetry  of  the 
Sb  and  0  atoms  is  then  only  a  threefold  axis.  The  structure  has  to  be 
described  with  two  sets  of  fluorine  atoms  F1  and  F2»  and  the  oxonlum  ion  is 
ordered  with  a  full  occupation  of  deuterium  atoms  on  the  general  positions. 

The  Sb  and  0  atoms  are  also  allowed  to  move  along  the  threefold  axes  from 
their  ideal  positions  (000,  1/2,  1/2,  1/2). 


This  hypothesis  was  tested  and  led  to  a  better  R  factor  (0.106)  with  the 
following  parameters: 


Atom 

X 

y 

z 

B(A2) 

Sb 

-0.012(1) 

-0.012(1) 

f  .*  ■  1 

0.13(0.38) 

0 

0.238(3) 

0.238(3) 

3.50(0.75) 

FI 

0.044(1) 

-0.118(1) 

1.26(0.42) 

F2 

-0.75(2) 

0.091(1) 

0.137(2) 

1.89(0.45) 

0 

0.199(2) 

0.184(1) 

0.299(1) 

3.40(0.30) 

s-n 
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Figure  1  gives  the  resulting  profile  of  observed  and  calculated  neutron 
diffraction  diagrams  and  shows  satisfactory  agreement. 

o 

The  Sb  and  0  atoms  are  displaced  from  their  ideal  positions  by  0.21A,  ang  the 
environment  of  the  Sb  atom  has  3  F1  atoms  at  1.80A  and  3F2  atoms  at  1.94A, 
which  seems  to  be  compatible  with  the  Raman  and  1R  spectra. 

The  F2  atoms  are  closer  to  the  oxygen  atom  of  the  oxonium  group  !.han  the  F^ 

atoms  with  F~-0  *  2.60A  and  F,-0  ■  2.79A.  The  F«-0  distance  is  within  the 

Z  1  c  o  o 

correct  range  for  a  strong  00. ..F  hydrogen  bridge  bond  (2.51-2.56A  In  OH^TiF^ 
and  2. 58-2. 6lX  in  0H3BF4  9). 

0 

The  deuterium  atoms  are  located  at  0. 91 A  from  the  oxygen  atom*  (with  a  D-0 
distance  of  1.54A  and  a  000  angle  of  116°)  on  the  line  O-F^  (00  ♦  0F2  *  0.91  ♦ 
1.69  *  2.60A).  This  confirms,  in  the  precision  of  our  results,  the  quasi 
linearity  of  the  0-0. ..F  bond  in  this  compound.  The  geometry  of  the  003+ 
cation  Itself  is  a  flat  pyramid  with  C3  symmetry.  The  oxygen  atom  lies  0.18A 
out  of  the  plane  of  the  3  deuterium  atoms. 

Figure  2  illustrates  the  environment  around  the  oxonium  ion,  with  the  F2  atoms 

being  differentiated  from  the  F1  atoms  by  traces  of  the  ellipses.  The  two 

SbFg”  octahedra  fully  represented  are  approximately  located  at  000  and  1/2  1/2 

1/2  along  the  [111]  direction  and  bring  the  environment  to  an  icosahedron. 

The  distinction  between  F1  and  F?  implies  a  small  displacement  of  the  fluorine 

atoms  from  their  average  positions  obtained  in  the  Ia3  space  group  (F-F,  or 

o  1 

F-F2  distances  ere  about  0.20A)  but  the  angular  distortion  of  the  octahedron 

is  small,  one  side  being  flattened  (F1  53°9)  and  the  other  one  being  elongated 

(F2  55°5).  To  obtain  a  refinement  in  the  I2-j3  symmetry  group,  we  had  to  allow 

the  existence  of  antiphase  domains  without  local  syrrmetry  centers,  but  which 

are  images  of  each  other. 
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The  interesting  point  of  this  structure  is  the  existence  of  an  ordered 
solution  for  all  atoms  with  a  scheme  of  hydrogen  bonding  which  prevents 
at  room  temperature  the  existence  of  a  plastic  phase.  Such  a  phase  may 
however  exist  at  higher  temperatures  and  explains  the  phase  changes 
observed  before  the  decomposition  point.  To  obtain  more  information  on 
the  motions  of  the  ions  in  the  different  phases,  additional  experimental 
data,  such  as  second  moment  and  relaxation  time  NMR  measurements,  are 
required. 

As  far  as  the  exact  geometry  of  the  0D3+  cation  is  concerned,  it  must  be 

pointed  out  that  the  precision  of  the  results  obtained  from  the  powder 

diffraction  data  is  not  very  high  and  that  the  final  values  depend  on 

the  starting  points  used  for  the  different  refinements.  Thus  the  0-D 

o 

distance  was  found  to  vary  from  0.91  to  1.05A  with  the  0D0  angle  varying 

from  116°  to  92°.  The  correct  values  certainly  lie  between  these  extreme 

values.  This  is  also  reflected  by  the  higher  thermal  parameters  found  for 

the  deuterium  and  oxygen  positions  (see  above)  indicating  high  thermal  motion 

of  the  0D3+  cation  Itself.  For  the  0-H  bond  length  In  0H3+,  a  lower  limit 

of  0.97 A  appears  more  realistic  for  the  following  reasons.  The  bond  length 

o 

In  free  0^  is^al ready  0.96A  and  both  the  hydrogen- fluorine  bridging  and 

the  Increased  O-H  polarity  of  the  0-H  bond  in  OHjSbF^  are  expected  to 

increase  the  0-H  bond  length.  This  bond  weakening  in  0H3+  when  compared  to 

free  OHg  is  also  supported  by  the  force  constant  calculations  given  below. 

The  most  likely  range  of  the  0-H  bond  length  In  these  OHjMF^  salts  is 

therefore  0.98-1.05A  which  is  in  excellent  agreement  with  the  values  of 

o  +  - 

1.013(8),  1.020(3),  and  0.994(5)A  previously  found  for  OH,  CH,CAHflS0-  , 

+  -  ^  ^  0  o 

0D3  CH^CgH^SOj  ,  and  .  respectively,  by  neutron  diffraction, 

and  values  of  1.01  to  1.04A  for  0H3+N03"  and  OH^CIO^*,  derived  from  wide 
line  NMR  measurements.^0 

o 

The  value  of  1.1 9A,  previously  reported9  for  the  0-H  bond  length  in  OH^  BF^’, 
is  based  on  X-ray  data  and  therefore  is  deemed  unreliable.  It  should  be 
pointed  out  that  the  0H...F  distances  in  0H3+BF^~  and  0D3+AsFg“  are  practically 
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o 

identical  (2.60A).  This  suggests  that  and  r^  In  these  two  compounds 
should  also  be  similar. 

Vibrational  Spectra.  Although  many  papers  have  been  published  on  the  vibra¬ 
tional  spectra  and  force  field  of  the  oxonium  ion/~9*^"^  many  discrepancies 
exist  among  these  data.  Frequently,  the  infrared  bands  observed  for  the 
stretching  modes  are  very  broac,  overlap  and  are  complicated  by  Fermi 
resonance  with  combination  bands.  Also,  the  smooth  transition  from  highly 
ionic  OH^*  salts  to  proton  transfer  complexes  and  the  interpretation  of  some 
of  the  more  weakly  ionized  proton  transfer  complexes  in  terms  of  discrete  0H^+ 

salts  may  have  significantly  contributed  to  the  general  confusion.  As  a 

4 

consequence  there  is  still  considerable  ambiguity  whether  the  antisymmetric 

or  the  symnetric  OH  *  stretching  mode  has  the  higher  frequency.  Furthermore, 

+  ** 

the  symmetric  OH,  deformation  mode  is  generally  very  difficult  to  locate 

w  J#* 

due  to  the  great  line  width  of  the  band.  Although  vibrational  spectra 

+  32  34  38 

have  previously  been  reported  for  OD^  they  have  been  of  little  help 

to  strengthen  the  vibrational  assignments  for  the  oxonium  cation.  Conse¬ 
quently,  it  was  interesting  to  record  the  vibrational  spectra  of  deuterated 
and  partially  deuterated  0H^+  in  salts  containing  well  defined  discrete 
oxonitm  cations.  We  hoped  to  verify  the  above  described  phase  changes  and 

to  compare  the  experimentally  observed  spectra  with  the  results  from  recent 

47-4Q 

theoretical  calculations  and  with  those  of  the  isoelectronic  ammonia 

_  50-54 

analogues. 

The  observed  infrared  and  Raman  spectra  and  the  more  important  frequencies 
are  given  in  Figures  3-7  and  Table  VI. 

Room  Temperature  Spectra  of  OD^AsF^.  Figure  3  shows  the  room  temperature 
spectra  of  solid  ODjAsFg.  As  can  be  seen,  the  tends  are  broad  and  show  no 
splittings  or  asymmetry  as  expected  for  ions  undergoing  rapid  motion  in 
a  plastic  phase.  '  *  Based  on  their  relative  infrared  and  Raman  inten¬ 
sities,  the  band  at  about  2450  cm-1  can  be  assigned  with  confidence  to  the 
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anti  symmetric  OD^*  stretching  mode  v3(E)  and  the  band  at  about  2300  cm"1 
to  the  symmetric  0D^+  stretching  mode  v^(A^).  This  assignment  of  v^>vj 
is  further  supported  by  all  the  other  spectra  recorded  in  this  study  (see 
below).  Also,  their  frequency  separation  of  about  150  cm”1  is  very 
similar  to  that  of  144  cm*  found  for  isoelectronic  ND3.^D  Furthermore, 
a  recent  ab  initio  calculation  for  0D,+  also  arrived  (after  applying  the 

_i 

suggested  -12.3%  correction  to  all  frequencies)  at  being  165  cm 

49  J 

higher  than  v-|  (see  Table  VII).  This  finding  that  in  a  strongly  hydrogen 

bridged  oxonium  salt  v3  Is  higher  than  v1  disagrees  with  the  previous 

suggestion  that  the  order  of  the  0H,+  stretching  frequencies  should  Invert 

38 

when  r  in  X-H. ..Y  becomes  shorter  than  the  van  der  Waals  radius  sum. 
x-y 

The  assignment  of  the  1192  cm’1  infrared  and  the  1178  cm’1  Raman  band  to 
the  antisymmetric  0&3+  deformation  v4(E)  is  straight  forward  and  again 

is  in  excellent  agreement  with  the  frequency  values  of  1191  and  1161  cm’1, 

5D  +  49 

found  for  isoelectronic  ND^  and  calculated  for  OD^  by  ab  initio  methods, 

respectively  (see  Table  VII). 


The  assignment  of  the  last  yet  unassigned  fundamental  of  OD^  ,  the  symmetric 

deformation  mode  vg(A^)  is  more  difficult.  Based  on  analogy  with  ND^,  this 

mode  should  occur  at  about  75D  cm’1  and  indeed  the  Raman  spectrum  of  0D3AsFg 

exhibits  a  band  at  770  cm*1  of  about  the  right  intensity.  The  failure  to 

observe  a  well  defined  infrared  counterpart  could  possibly  be  due  to  its 

great  linewidth.  The  ab  initio  calculations  for  vg^)  of  0D^+  predict  an 

intense  infrared  band  at  54g  cm’1.  Indeed  the  infrared  spectrum  of  OD^AsFg 

(trace  A,  Figure  3)  shows  a  medium  strong  band  at  580  cm’1.  However,  we 

prefer  to  assign  this  band  to  v2(Eg)  of  AsF^’  for  the  following  reasons. 

This  mode  frequently  becomes  infrared  active  in  many  AsF,*  salts.  Further- 

4  ^  + 

more,  it  has  also  been  observed  in  OH^AsF^*  if  it  were  due  to  0D^  ,  it 
would  have  been  shifted  in  OH^AsF^  to  a  significantly  higher  frequency.  This 
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asslgnment  to  v2  of  AsF^  is  also  supported  by  the  low- temperature  infrared 
spectra  of  OH^AsFg  *  and  OD^AsFg  (Figure  4)  both  of  which  show  two  sharp 
bands  of  almost  identical  intensities  and  frequencies  at  about  58D  and  560  cm’1. 


The  remaining  bands  due  to  AsF^’  in  OD^AsFg  are  in  excellent  agreement  with 
those  previously  observed  for  0H3AsF6  and  can  be  assigned  accordingly.* 

IR:  v3(F1u),  70D;  v4(F1u),  389  cm*1.  RA:  v^A^),  682;  v2(Eg),  560;  v5(F2g), 
363  on"1.  Several  weak  bands  in  the  spectrum  of  OD^AsFg  are  marked  by  an 
asterisk.  These  are  due  to  a  small  amount  of  0D2H*  and  will  be  discussed 
below. 


low-Tt.nperature  Spectra  of  OD^AsF^.  Figure  4  shows  the  low- temperature  spectra 
of  0D3AsF6.  The  most  prominent  changes  from  the  room  temperature  spectra 
are  the  pronounced  sharpening  of  all  bands  accompanied  by  splittings.  As 
discussed  above,  these  changes  are  caused  by  freezing  of  the  ion  motions. 

The  change  from  a  plastic  phase  to  an  ordered  one,  occurring  based  on  the  DSC 
measurements  in  the  -7  to  +2°C  temperature  range  was  confirmed  by  Raman 
spectroscopy.  As  can  be  seen  from  Figure  5,  the  freezing  out  off  the  ion  motion 
occurs  indeed  within  the  very  narrow  temperature  range. 


Compared  tt  the  room  temperature  spectra,  the  low- temperature  spectra  do  not 
provide  much  additional  information  on  the  fundamental  vibrations  of  0D3+. 

The  v-j(A^)  fundamental  is  shown  to  occur  at  a  lower  frequency  than  v3(E),  and 
v4(E)  shows  a  splitting  into  two  components  in  the  infrared  spectrum.  The 
v2(A1)  deformation  mode  is  again  difficult  to  locate  hut  clearly  cannot  be 
attributed  to  the  582  cm’1  infrared  band  for  the  above  given  reasons. 


From  the  AsFg  nart  of  the  spectra  some  conclusions  concerning  the  possible 
site  symmetry  of  AsFg“  might  be  reached.  All  degeneracies  appear  to  be 
lifted  for  the  fundamentals  and  the  band*  are  not  mutually  exclusive.  This 
eliminates  all  centrcsyrmetric  space  groups  and  site  symmetries,  such  as 
Ch*  T^  or  C3-.  The  highest  possible  site  symmetry  appears  to  be  C3,  in 
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agreement  with  our  triply  hydrogen  bonded  model  possessing  AsFg"  ions 
with  three  shorter  and  three  longer  As-F  bonds.  Since  the  unit  cell 
contains  more  than  one  molecule,  additional  splittings  are  possible  due 
to  in-phase  out-of-phase  coupling  effects  within  the  unit  cell. 

The  low- temperature  spectra  of  003AsF6  show  a  medium  strong  IR  band  at  341  cm 
and  a  Raman  band  at  329  cnf^.  These  bands  are  of  too  low  a  frequency  to  be 
assignable  to  AsFg  and  also  were  not  observed  in  the  low- temperature  spectra 
of  OH^AsFg.^  In  OH^AsFg,  however,  two  corresponding  bands  were  observed 
at  467  cm  ^(IR)  and  480  cm  ^(RA}.^  Since  their  average  frequency  values, 

335  and  474  cm  \  respectively,  are  exactly  in  a  ratio  of  1:  2,  these  bands 
must  involve  the  hydrogen  atoms  and  therefore  are  assigned  to  the  0. ..F  and 
H. ..F  stretching  modes,  respectively.  As  expected,  these  bands  due  to  H...F 
stretching  are  not  observed  in  the  plastic  phase,  room  temperature  spectra 
due  to  rapid  motion  of  the  ions. 

Spectra  of  OO^SbF^,  QH^SbFg  and  Partially  Deuterated  OH^SbF^.  Figure  6  shows 

the  room  temperature  vibrational  spectra  of  003SbF&,  0H3SbF6  and  partially 

deuterated  OH^SbFg.  Although  the  Raman  lines  due  to  SbFg'  (670,  590,  555 

and  282  cm  ^  in  trace  E)  are  broadened,  the  670  cnf^  line  has  a  pronounced 

shoulder  at  644  cm  \  the  v9(E_)  mode  is  split  into  its  two  degenerate 

^  9 

components  (see  Figure  5),  and  the  D...F  stretching  mode  at  355  cm  (trace 
E  of  Figure  6)  and  H...F  stretching  mode  at  487  cm"^  (trace  A  of  Figure  6} 
are  observed.  All  these  features  clearly  indicate  that  OOgSbFg  and  0H3SbFg 
are  ordered  at  room  temperature,  thus  confirming  the  above  given  DSC  and 
diffraction  data. 

The  assignments  for  003+  in  its  SbFg"  salt  can  be  made  by  complete  analogy 

to  those  given  above  for  0D^AsFc.  The  increased  splitting  of  the  2430  and 

-1  J  0  4g 

2330  cm  bands  and  their  relative  infrared  intensities  (trace  D  of 

Figure  6}  lend  further  support  to  the  v3>v1  assignment  for  the  oxonium  salts. 

On  cooling  (see  Figure  7)  all  the  important  spectral  features  are  retained, 

$-17 


but  become  more  evident  due  to  better  resolution  caused  by  the  narrower 
linewidths.  Thus  the  D...F  stretching  vibrations  at  380  cm"1  become  very 
prominent  in  the  infrared  spectra. 

An  analysis  of  the  bands  attributable  to  SbFg*  (IR:  668,  645,  590,  554,  548. 
285sh,  27 Osh,  261;  RA:  680sh,  673,  650sh,  640,  586,  554,  291sh,  287sh,  281, 
265sh)  shows  again  that  a  centro symmetric  space  group,  such  as  Ia3  must  be 
ruled  out  and  that  the  site  symmetry  can  be  at  best  C3.  Thus  the  vibrational 
spectra  appear  to  be  compatible  with  a  space  group,  such  as  12^  which  was 
chosen  for  the  above  given  neutron  diffraction  structure  analysis. 

Assignments  for  OOgH*  and  ODHq*.  The  vibrational  spectra  of  the  003+  salts 
showed  bands  at  about  3160,  2920  and  1470  cm"1,  marked  by  an  asterisk  in 
Figure  3,  which  could  not  readily  be  attributed  to  combination  bands  of 
00^+.  Assignment  of  the  1470  cm"1  infrared  band  to  the  antisymmetric 
stretching  mode  of  HF2"  is  also  unsatisfactory,  because  the  band  was  also 
observed  in  the  Raman  spectrum  which  in  turn  did  not  show  the  expected 
symmetric  HF2  stretching  mode  at  6D0  cm*'*.  Furthermore,  0D3+SbFg" 
should  result  in  the  formation  of  0F2"  and  not  of  HF2".  Consequently,  we 
have  examined  the  possibility  of  these  bands  being  due  to  small  amounts  of 
incompletely  deuterated  oxonium  ions  by  recording  the  spectra  of  partially 
deuterated  0H3SbFg.  As  can  be  seen  from  trace  B  of  Figure  6,  the  intensity 
of  the  band  at  about  3160,  2920  and  1470  cm"1  has  increased  strongly  for  the 
partially  deuterated  sample  and  therefore  these  bands  are  assigned  to  the 
0D2H+  cation.  The  observed  frequencies  closely  correspond  to  those  of 
isoelectronic  N02H  51-54  and  the  ab-initio  calculated  0D2H+  values49 
(see  Table  VIII).  Consequently  the  3160  and  1470  cm"1  bands  are  assigned 
to  the  OH  stretching  mode  and  the  antisymmetric  (A')  009H  deformation  mode, 

+  „  i  ^ 

respectively  of  0D?H  .  The  2920  cm  band  can  readily  be  assigned  to  the 
L 

first  overtone  of  the  1470  cm  band  being  in  Fermi  resonance  with  the  OH 
stretching  mode.  The  antisymmetric  and  symmetric  0D2  stretching  modes  of 
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002H+  are  expected  to  have  frequencies  of  about  2400  and  2300  cm’1,*9,51’54 

respectively,  and  therefore  are  hidden  underneath  the  intense  OO^  stretching 

modes.  The  antisymmetric  (A")00oH+  deformation  mode  is  expected  49,51-54 

-  c  -1 

to  have  a  frequency  between  1190  and  1250  cm  and  therefore  can  be  assigned 
to  the  infrared  band  at  1220  cm  1  observed  in  Trace  B  of  Figure  6. 


In  addition  to  the  bands  attributed  to  003+  and  002H+,  the  infrared  spectrum 
of  the  partially  deuterated  OH^SbFg  sample  (calcd.  product  distribution: 

OD^  DI.68,  0D2H+38.16,  00H2+9.33,  and  0H3+0.77molX)  exhibits  two  bands  at 
1601  and  1388  cm  1  (see  trace  8  of  Figure  6).  These  band  are  in  excellent 
agreement  with  our  expectations49,51"54  (see  Table  VIII)  for  6as(A")  and 
6as(A‘),  respectively,  of  0DH2+  and  are  assigned  accordingly.  The  0D  and 
0H2  stretching  modes  of  00H2  are  again  buried  in  the  broad  intense  bands 
centered  at  about  2400  and  3300  cm"1  and  therefore  cannot  be  located  with 
any  reliability.  The  symmetric  deformation  modes  of  002H+  and  00H2+  are 
probably  giving  rise  to  the  strong  shoulder  in  the  800-900  cm’1  range 
(trace  8  of  Figure  6),  but  cannot  be  located  precisely  due  to  their  broadness. 


The  above  assignments  for  0D2H+  and  0DH2+  are  further  substantiated  by  the 
low- temperature  spectra  shown  in  Figures  4  and  7,  with  the  decreased  line 
widths  allowing  a  more  precise  location  of  the  individual  frequencies.  Most 
of  the  infrared  bands  observed  in  the  320-510  cm’1  region  for  the  low- 
temperature  spectra  of  the  different  oxonium  SbF^"  salts  are  attributed  to 
the  0. ,.F  and  H. ..F  stretching  modes  of  the  hydrogen  bridges. 


In  summary,  most  of  the  features  observed  for  the  vibrational  spectra  of  the 
oxonium  salts  can  satisfactorily  be  accounted  for  by  the  assumption  of 
disordered  higher-temperature  and  ordered,  strongly  hydrogen  bridged,  lower- 
temperature  phases.  Reasonable  assignments  can  be  made  for  the  series  OH^  , 
0DH2+,  0D2H+,  0D3+  (see  Table  VI)  which  are  in  excellent  agreement  with 
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those  of  the  corresponding  isoelectronic  amnonia  molecules51"54  and  the 
results  of  recent  ab-initio  calculations49  (see  Tables  VII  and  VIII). 

The  only  discrepancy  between  the  ab-initio  calculations  and  the  experimental 
data  exists  in  the  area  of  the  symmetric  deformation  modes.  This  could  be 
caused  by  the  low  barrier  to  inversion  in  0H3+  49. 

Force  Constants.  In  view  of  our  improved  assignments  for  the  oxonium  cation, 
it  was  interesting  to  redetermine  its  force  field.  The  frequencies  and 
assignments  given  in  Table  VIII,  a  bond  length  of  1.01A  and  a  bond  angle 
of  110°  were  used  to  calculate  a  valence  force  field  of  0D3+  using  a 
previously  described  method4  to  obtain  an  exact  fit  between  calculated  and 
observed  frequencies.  The  results  of  these  computations  are  surrmarized  in 
Table  IX. 


Since  isotopic  shifts  obtained  by  light  atom  substitution,  such  as  H-D,  are 
virtually  useless  for  the  determination  of  a  general  valence  force  field56, 
approximating  methods  were  used.  Three  different  force  fields  were  computed 
for  OD^  to  demonstrate  that  for  a  vibrational ly  weakly  coupled  system,  such 
as  0D3+,  the  choice  of  the  force  field  has  little  influence  on  its  values. 

Our  preferred  fc/ce  field  is  that  assuming  F22  and  F^  being  a  minimum.  This 
type  of  force  field  has  previously  been  shownS?  to  be  a  good  approximation 
to  a  general  valence  force  field  for  vibrational ly  weakly  coupled  systems. 

As  can  be  seen  from  Table  IX,  the  force  field  obtained  in  this  manner  is 
indeed  very  similar  to  the  general  force  field  previously  reported55  for  ND3  and 
NHr  The  fact  that  the  force  constants  of  0D,+  deviate  somewhat  from  those  of 
OH^  is  mainly  due  to  the  broadness  of  the  OH^  vibrational  bands  and  the  assoc¬ 
iated  uncertainties  in  their  frequencies.  Since  the  stretching  frequencies  of  003+ 
are  more  precisely  known  than  those  of  0H3+,  the  0D3+  force  field  should  be  the 
more  reliable  one.  The  fact  that  In  NH3  and  ND3  is  somewhat  larger  than  the 


value  obtained  for  F^  in  our  F22 
the  published55  NH3  force  field  F 


sMin  force  field  is  insignificant  because  in 
^2  was  not  well  determined  and  was  con- 
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sequently  assumed  to  equal  -2F34.  The  fact  that  the  stretching  force 
constant  fp  in  0D3+  is  slightly  lower  and  the  deformation  constant  fQ 
in  OD3+  is  slightly  higher  than  those  in  ND3  is  not  unexpected,  Tt.v 
ND3  frequencies  were  those  of  the  free  molecule,  whereas  the  0D3+  values 
are  taken  from  the  ionic  solid  0D3+AsFg".  In  this  solid,  D-F  bridging 
occurs  (see  above),  hereby  lowering  the  OD  stretching  and  increasing  the 
deformation  frequencies.  As  secondary  effects,  the  higher  electro¬ 
negativity  of  oxygen  and  the  positive  charge  in  DD3+  are  expected  to 
increase  the  polarity  of  the  0-D  bonds, thereby  somewhat  decreasing  all 
the  frequencies.  These  explanations  can  well  account  for  the  observed 
differences. 

0  2 

For  the  bending  force  constant  f  values  of  0.576  and  D.552  mdyn  A/ radian 

+  +  a 

were  obtained  for  00,  and  OH,  ,  respectively.  These  values  are  in 

00  0  2 

excellent  agreement  with  the  value  of  D.55  mdyn  A/ radian  obtained  for 

+  47 

0H3  by  an  ab-initio  calculation. 

In  sunmary,  the  results  from  our  normal  coordinate  analysis  lend  strong 
support  to  our  analysis  of  the  vibrational  spectra.  They  clearly  demonstrate 
the  existence  of  discrete  0H3+  ions  which  in  character  closely  resemble 
the  free  NH3  molecule,  except  for  some  secondary  effects  caused  by  hydrogen- 
fluorine  bridging. 

Conclusion.  The  results  of  this  study  show  that  0D3AsFg  exists  at  room 
temperature  in  a  plastic  phase,  whereas  0D3SbFg  has  an  ordered  structure. 
Based  on  diffraction  data  and  vibrational  spectra,  a  structural  model  is 
proposed  for  the  ordered  phase  of  0D3$bFg.  More  experimental  data  are 
needed  to  define  the  exact  nature  of  the  ion  motions  and  the  associated 
phase  changes  in  these  salts.  Many  of  the  observations  made  in  this  study 
are  in  poor  agreement  with  previous  reports  for  other  oxonium  salts  and 
cast  some  doubt  on  the  general  validity  of  some  of  the  previous  conclusions. 
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Due  to  their  strong  hydrogen-fluorine  bridges  and  good  thermal  stability, 
oxonium  salts  of  complex  fluoro  cations  are  well  suited  for  further 
experimental  studies. 
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Table  I.  X-ray  Diffraction  Powder  Pattern  of  OH^AsFg  at  -153°Ca 
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Table  II.  Neutron  Diffraction  Powder  Patterns  of  the  Face 
Centered  Cubic,  Room  Temperature  Phases  of  OHjAsFg,  0D3AsFg  and  O^AsFg  a 
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Table  III.  Room- Temperature  X-ray  Powder  Data  for  0H->SbFc 

3  6 


0  0 


dobsd,* 

dclcd,A 

Intens 

h 

k 

1 

5.04 

5.04 

vs 

2 

0 

0 

3.56 

3.57 

vs 

2 

2 

0 

2.909 

2.912 

mw 

2 

2 

2 

2.691 

2.696 

w 

3 

2 

1 

2.519 

2.522 

mw 

4 

0 

0 

2.374 

2.378 

w 

4 

1 

1 

2.254 

2.256 

m 

4 

2 

0 

2.149 

2.151 

mw 

3 

3 

2 

2.060 

2.059 

s 

4 

2 

2 

1.979 

1.978 

w 

4 

3 

1 

1.784 

1.783 

ms 

4 

4 

0 

1.682 

1.681 

ms 

6 

0 

0,  4  4  2 

1.637 

1.636 

vw 

5 

3 

2 

1.596 

1.595 

ms 

6 

2 

0 

1.519 

1.521 

ms 

6 

2 

2 

1.456 

1.456 

w 

4 

4 

4 

1.398 

1.399 

ms 

6 

4 

0 

1.372 

1.373 

vw 

6 

3 

3 

1.349 

1.348 

ms 

6 

4 

2 

1.282 

1.281 

vw 

7 

3 

2.  6  5  1 

1.262 

1.261 

vw 

8 

0 

0 

1.225 

1.223 

m 

8 

2 

0,  6  4  4 

1.189 

1.189 

m 

8 

2 

2,  6  6  0 

1.159 

1.157 

w 

6 

6 

2 

1.129 

1.128 

m 

8 

4 

0 

1.103 

1.101 

m 

8 

4 

2 

cubic*  a  * 

radiation, 

10.09A,  V  =  1027.2A3,  Z  =  8,  pcd 
Ni  filter 

cd  = 

3.296  gem' 

'3-  CuKa 

5-29 


*31  - 


Table  V. 

h  k  1 

X-ray  and 

X-ray 

Neutron  Powder  Patterns  of  0D,Sbfc  at 

J  0 

Neutron  h  k  1  X-rav 

Room  Temperature 

Neutron 

200 

100 

6 

71 0/550/543 

. 

1 

211 

- 

2 

640 

11 

8 

220 

70 

100 

721/633/552 

1 

8 

222 

13 

8 

642 

21 

9 

321 

3 

30 

730 

- 

3 

400 

7 

2 

732/651 

2 

18 

411/330 

6 

13 

800 

4 

• 

420 

17 

17 

811/741/554 

- 

7 

332 

4 

22 

820/644 

11 

9 

422 

36 

18 

653 

- 

3 

431/510 

3 

13 

822/660 

10 

2 

440 

15 

14 

831/750/743 

- 

4 

433/530 

21 

3 

662 

4 

442/600 

2 

7 

752 

- 

3 

611/532 

2 

9 

840 

6 

2 

620 

21 

3 

541 

1 

14 

f22 

12 

5 

631 

- 

2 

444 

4 

4 

S-31 


Table  VI.  Vibrational  Spectra  of  OOjAsFg,  OO-SbF  and  Their  Partially  Oeuterated  Analogues 
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the  Ions  Is  C3  or  lower.  |c)  The  spectra  of  these  compounds  contain  bands  due  to  so*e  U0,H+  resulting  from  a 
mil  anount  of  H,0  in  the  0,0  starting  Mterlal  f*>0-4X)  end  from  handling  of  the  !«  samples. 
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Table  VIII.  Frequencies  (cm.  )  and  Relative  Infrared  Intensities  of  002H+  and  00H2+ 
Compared  to  Those  of  Solid  N02H  and  NH0?d  and  to  the  Results  of  Ab-Initio  Calculations 
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Table  IX.  Symmetry  and  Internal  Force  Constants  of  0D~  Compared  to  Those  of  OH-  ,  NH-  and  NO 
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Qiagram  Captions 

Figure  1.  -  Neutron  powder  diffraction  diagram  of  0D3SbFg  at  ambient 
temperature,  traces  A  and  B,  observed  and  calculated  profiles, 
respectively. 

Figure  2.  -  ORTEP  stereoview  of  the  structure  of  0D3SbF^.  The  bridging 
F^  atoms  are  differentiated  from  the  non-bridging  F1  atoms  by  smaller 
circles  marked  by  traces. 

Figure  3.  -  Vibrational  spectra  of  solid  0D3AsFg  at  room  temperature. 

Trace  A,  infrared  spectrum  of  the  solid  pressed  between  AgCl  disks.  The 
broken  line  indicates  absorption  due  to  the  window  material .  The  bands 
marked  by  an  asterisk  are  due  to  OC^H*  mainly  formed  during  sample 
handling.  Traces  B  and  C,  Raman  spectra  recorded  at  two  different 
sensitivities  with  a  spectral  slit  width  of  3  and  8  cm~\  respectively. 

Figure  4.  -  Vibrational  spectra  of  solid  0D3AsF6  at  low- temperature. 

Trace  A,  infrared  spectrum  of  the  solid  pressed  between  AgCl  disks  and 
recorded  at  -196°C.  Traces  B  and  C,  Raman  spectra  recorded  at  -100°C  at 
two  different  sensitivities. 

Figure  S.  -  Raman  spectra  of  OD^SbF^  and  0D3AsFg  at  different  temperature 
contrasting  the  slow  gradual  temperature  induced  line  broadening  for  the 
ordered  0D3SbFg  phase  against  the  abrupt  change  within  a  narrow  temperature 
range  for  0D3AsFg  caused  by  the  transition  from  an  ordered  to  a  plastic  phase. 

Figure  6.  -  Vibrational  spectra  of  solid  0D3SbFg,  0H3SbF^  and  partially 
deuterated  0H3SbFg  at  room  temperature.  Trace  A,  IR  spectrum  of  OHjSbFg*, 
trace  B,  IR  spectrum  of  partially  deuterated  0H3$bFg  containing  about 
equimolar  amounts  of  ODjSbFg,  and  OD^HSbFg  and  smaller  amounts  of  ODH^SbFg; 
trace  C,  IR  spectrum  of  0D3SbFg  containing  a  significant  amount  of  OD^HSbFg 
formed  during  sample  handling;  trace  D,  IR  spectrum  of  OCLSbFg  containing  only 
a  small  amount  of  OC^HSbFg*,  traces  E  and  F,  RA  spectra  of  0D3SbF^  recorded 
at  two  different  sensitivities. 
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Figure  7.  -  Vibrational  spectra  of  solid  ODjSbFg  and  partially  deuteratfd 
0H3SbF6  at  low  temperature.  Traces  A  and  B,  infrared  spectra  of  partially 
deuterated  OHjSbFg  and  of  OD^SbFg,  respectively,  between  AgBr  windows; 
traces  C  and  C,  Raman  spectra  recorded  at  two  different  sensitivities. 
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The  Cl  ion  chromatogram  contains  the  ususat  CH4  Cl  ions: 
predominantly  protonated  diethyl  ben  rene  and  smaller  amounts 
of  (M  -  Hr.  (M  +  CjH,r.  and  (M  +  C,Hj)4.  The  HPCA 
spectra  contain  several  fragment  ions  diag noatic  of  the  structure 
of  the  sample  with  the  major  dissociation  pathways  being 
ch4 

(C»h4(CjHj)j  +  Hr  — r-  (C»h5(C:h,)  +  Hr  +  caH. 

(19) 

and 

(C,H,(C,H5)  +  H)4  C*H,4  +  CjH«  (20) 


HPCA  mass  spectra  acqutrod  at  a  fixed  extent  of  dissociation 
cannot  provide  the  detailed  structural  information  obtained  from 
a  breakdown  curve.  However,  when  combined  with  the  Cl  mass 
spectra  and  GC  retention  times,  the  HPCA  data  provide  a  po¬ 
tentially  powerful  additional  dimension  in  sample  characterization. 

Acknowledgment  :s  made  to  the  donors  of  the  Petroleum  Re¬ 
search  Fund,  administered  hy  the  American  Chvmical  Society, 
for  support  of  this  research. 
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EPR  Evidence  on  Molecular  and  Electronic  Structure  of 
Nitrogen  Trifluoride  Radical  Cation 

Alvin  M.  Maurice/  R.  Linn  Belford, **  Ira  B.  Goldberg,*1  and  Kir)  O.  Cbnste* 

CV>«fri/jwfto«  from  The  School  of  Chemical  Sciences,  Unit  ersity  of  Illinois, 

I'rhana.  Illinois  a  I  $01.  Rockwell  International  Science  Center,  Thousand  Ooks, 
California  91360,  and  RihhcJme  Division,  Rockwell  International.  Canoga  Park, 
California  91304.  Receded  April  26.  1 9$  2 


Abstract:  Computer  simulations  of  the  EPR  spectra  of  rigid  UNF,4-  and  "NF,4-  trapped  in  powderod  NF*A*Ftat  25  K  show 
characteristics  of  a  trigonal  pyranud  with  the  following  principal  value*  for  the  coupling  matrices:  Ortli  -Dl  ■  2.003.  H-wlf-i)) 
■  324.  187  MHz;  .4**n(||,1.)|  *  451. 260  MHz;  Ai»r(r.x  j')  *  880,  340.  360  MHz;  a,  the  angle  between  parallel  axes  for  At 
and  .4*.  ■  1 5*.  The  nitrogen  p:s  spin-density  ratio  (computed  from  the  nitrogen  hyperfme  splittings)  is  consistent  with  sp1* 
nitrogen  hybrids  in  the  NF  bonds  and  *;«b  a  pyramid  angle  of  about  105*.  Although  the  same  pyramid  angle  appears  to 
agree  with  the  orientation  of  the  principal  axis  of  the  fluorine  hyperfme  coupling  matrix  (|o|  -  15*.  pyramid  angle  *  90* 
4-  ja|),  electronic  structure  computations  imply  that  o  is  negative  and  that  the  agreement  is  fortuitous  Some  comparisons 
are  made  with  isoelectronic  radicals  BFj'  and  CFj— the  latter  being  essentially  ictrahedral  with  sp*  hybridization, 


Goldberg.  Crowe,  and  Christe  have  presented  high-  and  low* 
temperature  EPR  spectra  of  the  radical  cations  l4NF,4-  and 
,JNFj4-  produced  by  y* irradiation  of  NF^AsF*.1  Thetr  analyses 
properly  accounted  for  the  high-temperature  (  —  240  K)  spectra, 
but  computational  limitations  prevented  a  complete  analysis  of 
the  low-temperature  (~ 25  K)  EPR  spectra,  which  are  drastically 
different.  At  the  high  temperature,  the  molecule  is  axially  sym¬ 
metric.  apparently  spinning  freely,  probably  both  about  its 
threefold  axis  and  about  an  axis  nearer  to  the  F,  plane.  In  contrast, 
at  the  low  temperature,  each  molecule  appears  to  be  locked  into 
a  fixed  orientation  and  the  EPR  spectra  are,  as  expected,  much 
more  complex.  Now,  with  an  appropriately  modified  oomputer 
simulation  program,  we  are  able  to  interpret  these  low -wtmpera lure 
spectra 

Several  studies  providing  information  on  hyperfine  coupling, 
spin  density,  and  geometry  of  the  isoelectronic  species  BFj'*1  and 
CFj-  have  been  published,1"1  The  opportunity  to  compare  those 
bonding  features  that  can  be  deduced  from  hyperfine  matrices 
of  the  isoelectronic  series  provides  one  of  the  motivations  for  the 
study  of  NFj4.  Here  we  describe  our  interpretation  of  t'<e  low- 
temperature  EPR  spectra  and  draw  conclusions  regard'.ig  geom¬ 
etry  and  hooding  in  the  nitrogen  trifluoride  radical  cation. 

Experiments  and  Computation 

Low- temperature  EPR  spectra  of  l4NF,4  and  "NF,4  have  been  de' 
scribed'  as  have  the  synthesis,  experimental  conditions,  and  the  spec¬ 
trometer  used  in  this  work  The  spectra  chosen  for  the  current  analysis 
are  reproduced  in  the  figure*. 

1  University  of  Illinois. 

1  Rockwell  International  Science  Center.  -r  _  j 

tRockeidyne  Diviiion. 


Simulated  EPR  spectra  are  generated  by  means  of  tbe  program 
*powd*  running  on  the  VAX  1  1/780  computer  connected  to  a  Houston 
Instruments  HIPLOT  digital  plotter  Program  rowp  has  its  origins  in 
an  EPR  po»der  simulation  program,  kindly  provided  by  Dr,  J.  R.  Pilbrow 
of  Munasb  University,  which  employs  second-order  perturbation  theory 
for  the  first  nucleus  and  first-order  approximations  for  superhyperftnc 
terms.  It  was  revised  by  White  and  Bclford'1*  and  Chasteen  et  al.10  into 
EPW0W  Nilges  and  Belford1111  rewrote  this  program  as  row  to  employ 
more  efficient  angular  sampling  (io  minimize  the  unevenneu  of  point 
density  on  the  sphere)  and  integration  technique  four-point  Gauss  qua¬ 
drature).11  The  version  of  rowo  that  we  have  creatod  for  the  current 
wotk  i*  a  substantially  modified  row  that  use*  a  perturbation  method 
accurate  io  second  order  in  all  hyperfme  terms  (including  inientuelear 
eroai-terms)1*  to  calculate  a  powder  spectrum  for  a  spin  S  ■  '/}  aystem 
with  up  to  four  bvperfme  nuclei.  Program  rown  permits  pnfu-jp*!  axes 
of  all  four  hyperfine  nuclei  interaction  matrices  as  well  as  thaie  of  the 

(1)  t.  B  Goldberg.  H.  R.  Crowe,  and  K.  Q.  Chriitc,  lme g.  Chtm.,  17,3189 
(1978). 

(2)  R.  L  Hudson  and  F.  Williams.  /.  Chem  Pkys.,  65,  3311  (1976). 

(3)  R.  W,  Feasenden,  /.  Magn.  Reson ,  I,  277  (1969) 

(4)  R.  W.  Fessenden  aed  R.  H  Schuler,  J.  CA/nt.  PAyr.,43, 2704  (1965). 

(5)  M.  T,  Rogers  and  L.  D.  Kispert,  J.  Chtm.  Pkys.,  46.  3193  ( 1967). 

(6)  J.  Maruani.  J.  A.  R.  Coope.  and  C.  A.  McDowell,  Mol  Pkys.,  18, 165 
(1970). 

(7)  J.  Mimani.  C.  A.  McDowell,  H.  NaLajima,  and  P.  Raghunaihan.  Mol. 
Pkys.,  t4.  349  (1968). 

(8)  L.  K.  While  and  R.  L.  Belford,  J  Am.  Ckem.  Soc.,  98. 4428  (1976). 

(9)  L  K  White,  Ph  D.  Thesis.  University  of  Illinois,  Urbans,  1975. 

(10)  N  F  Albanoe  *nd  N  D  Chasteen,  J  Pkys.  Chtm.,  82, 9t0  (1978). 

(11)  M.  )  Nilges  and  R.  L.  Belford,  J.  Magn  Reson  ,  35.  259  (1975), 

(12)  M.  J,  Nilges,  Ph  D.  Thesis,  University  of  tllinois.  Urbans,  1979. 

(13)  R.  L  Belford  and  M.  J.  Nilges,  ■Computer  Simulation  of  EPR 
PowderSpecira’.  Symposium  on  Electron  Paranugneiic  Resonance  Spec- 
iroseopy.  Rocky  Mountain  Conference  on  Analytical  Chemistry.  Denver, 
August  1979, 

(!«)  J.  A.  Weil,  J.  Magn.  Reson.,  18.  113  (1975). 
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Figure  1.  (EXFT)  EPR  spectrum  of  l4NF,4-  at  26  K  in  NF*A.F,  y-ir- 
radiation  at  7?  K  after  annealing  at  195  K.  (SIM)  l4NF,*  computer 
simulation  with  the  parameters  listed  in  Table  I. 

X  tensor  to  be  noncoincident.  For  this  computation,  all  nudear  Zeeman 
and  quadra  pole  term*  are  deemed  insignificant  and  are  ignored. 

Theory 

The  Hamiltonian  is 

W.  -  ♦  fcifArS 

which  generate*  the  following  energy  terms,  correct  to  the  second 
order  of  perturbation:4 

g0BM&  +  ^  K\M,mx  + 

A +  “j  -  V)Q)  x 

(/,</,+ l>-m2J)j|+...+ 

2^[{"^r(0mi  +  (*l‘  *'****"'  + 

|“ +  (*jJ  -  OAW  j  «•  ...  + 

Mt 

2g0B  -  A'jjymimj  +  (£„  -  *,*3)m,/nJ  + 

(Lia  -  +  (£23  -  A2A’2)m2/»tj  + 

(£j<  “  KiK^mjmt  +  (£M  -  hyK^niim,) 

where 

f2  ■  Wt* 

-  WAvAx-tn 

I**,**,*  ■  tM,vV4,vl|T* 

g 23liKjLu  ■  W^fAi'AfAfAj  +  ArAi'Ai'A^fti 

These  terms  are  used  in  powd  to  construct  transition  energies  from 
which  transition  fields  are  computed  by  an  approximation  to  the 


Table  L  Hyperfine  Mamet**  and  g  Valuesof  ,4NF,*-  and  “Nr,*- 


,4NF,*' 

”NF,’' 

*n<5> 

(  +  )  187.1  t  5.06 

<-)  259  5  •  7 

4n<I> 

t+)  324.3  •  1.4 

(-1450.8  i  2 

Ar(xf 

1?)  340-0  i  20 

(?)  340.0  •  20 

A  F0) 

(?)  360  0  •  20 

(?  1  360.0  •  20 

A  ru ) 

(!» 880.0  i  1 

(‘>880.0  i  1 

2.002 

2.002 

*!•» 

2001 

2001 

o 

15.0  i  1* 

15.0  i  1° 

•  Hyperfine  splittings  ate  in  MHz.  *  Uncertainties  wete  estimated 
by  comparing  numerous  simulations  to  the  experimental  spectra. 

The  estimates  given  arc  ranges  outside  which,  in  our  subjective 
judgment,  «  satisfactory  fit  to  the  spectra  could  not  be  achieved. 

first-order  frequency  shift  perturbation  formula.15 

Low-Teapcrahir*  Spectrum  of  ,4NFj4.  The  overall  shape  of 
the  experimental  EPR  spectrum  (sec  Figure  1 )  does  not  match 
our  preliminary  computer  simulations.  The  comparisons  suggest 
that  the  cxpermenul  spectrum  contains  a  spurious  component— a 
broad  background.  The  EPR  spectra  of  BFf-1  exhibited  a  similar 
background,  wbich  was  attributed  to  a  matrix  radical 
(•CHjSiMej).  Accordingly,  a  background  curve  consisting  of  a 
single,  broad  peak  was  included  for  all  simulations  of  NFjV  A 
word  of  caution  is  in  order.  Even  though  we  had  to  include  an 
extra  background  peak  to  accomplish  the  analysis,  we  cannot  prove, 
that  it  is  not  pan  of  the  spectrum  of  the  species  under  stud).  To 
avoid  any  further  arbitrariness,  we  allowed  this  background  to 
have  no  structure.  The  necessity  for  including  a  superimposed 
background  spectrum  introduces  extra  uncertainty  in  the  param¬ 
eters.  especially  the  perpendicular  peaks  that  are  located  where 
tbe  background  is  most  intense.  Because  the  byperftne  splitting 
is  larger  for  parallel  peaks,  these  peaks  are  masked  to  a  lesser 
degree. 

The  additional  uncertainty  introduced  by  tbe  background 
spectrum  is  somewbat  compensated  for  by  the  availability  of 
spectra  for  two  different  nitrogen  isotopes.  The  ground  rules  for 
simulation  of  tbe  two  isotopic  species  are  as  follows.  Both  spectra 
should  be  defined  by  identical  g  matrices  and  fluorine  hyperfine 
matrices  and  angle  a.  (Note:  a  is  the  angle  between  the  principal 
axes  of  the  **F  and  N  byperftne  matrices;  il  may  be  close  to  tbe 
angle  between  the  N-F  bond  and  the  plane  of  the  three  fluorines 
(see  Figure  3  and  Discussion).)  Tbe  nitrogen  hyperfine  matrix 
elements  ibould  be  related  hy  a  factor  of -1.4029,  which  is  the 
ratio  of  their  nuelear  moments  (i.e..  ^1(’5N)/^1(,4N)  ■ 
/<.(,5N)//<|(I4N)  *  -1 .4029).  Fitting  two  isotopic  spectra  with 
tbe  same  parameters  in  this  way  increases  our  confidence  in  tbe 
resulting  values. 

Uw-Tiftntwr  Spectrum  of  l5NFj4.  Similarly,  tbe  l5NF34- 
experimental  spectrum  (see  Figure  2)  also  suggests  a  broad 
background  resonance,  which  was  included  in  the  simulations. 

DiscuaakM 

The  principal  values  of  tbe  hyperfine  and  g  matrices  for  both 
isotopes  are  listed  in  Table  I.  One  can  estimate  the  spin  density 
of  tbe  free  electron  from  tbe  nitrogen  byperfme  parameiers  ob¬ 
tained  from  the  l4NF34-  simulation  and  the  equations  in  the  article 
hy  Goldberg  et  al.:1 

P*n  -  M»o)/fl\  -  {AM)  ~  «N(iso»/2h% 

In  these  equations  p*N  and  p*N  are  integrated  spin  densities  of  tbe 
s  and  p  orbitals;  a%  and  b\  are  tbe  reference  atomic  isotropic 
and  anisotropic  hyperfine  couplings, ’•  respectively.  Tbe  calculated 
ratio  of  p^n  to  p*N,  6.37,  suggests  the  unpaired  electron  to  be  largely 
in  tbe  following  hybrid  orbitals; 

*  0.9293*n(2/O+0.3694*n(2s) 


(15)  R.  L.  Belfort,  P,  H.  Ifcvi*, G-  G.  Belfort, T.  M.  Lcnhart,  Symp. 
Str  ,  No.  5(1974). 

(16)  J.  E  Went  tod  J  R.  Bohoc,  'Electron  Spin  Resonance  Elementary 
Theory  and  Practical  Application*',  McGraw-Hill,  New  York.  1972. 
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Table  II,  Comparison  of  Hyperfine  Coupling*0  and  Spin  Densities6  of  M’.  ,  Radicals 


14  M  U)! 

14M0)I 

uM<*) 1 

LAF(x)l 

flftiso) 

om‘ 

<*MP 

fiFl 

*FP 

hybridi 
ration  of 
M-F 
bond 

BF,* 

667.7* 

720.8* 

891.2* 

428.7* 

498.8* 

0  211 

00104 

CF, 

CF, 

75°. 9* 

258.1* 

244.1* 

246.8* 
224  4' 

709.1* 

738.5' 

404. 7d 

402.3* 

0.244 

0.723 

0.0084 

0  1113 

sp*'1 

NFs* 

187.1' 

187.1' 

324.3' 

232.8' 

340.0' 

360.0' 

880.(/ 

526.7' 

0  151 
(0.129 

0.957 

(1.824) 

0.0110 

0.1166 

ap**’ 

0  Hyperfine  iplillings  are  in  MHz.  0  Spin  densities  are  calculated  from  hyperfine  vslues  as  in  ref  I  and  16;  those  in  parentheses  are  ealeu 
tiled  from  the  newer  compilation  by .  J.  R.  Morton  and  K.  F  Preston.  /  Megn.  Reton  30,577  0978).  c  See  ref  2.  *  See  ref  5.  *  See  ref 
6  and  7.  ^  This  work. 


simulation  generated  by  tbe  program  fowd  witb  the  variables  listed  in 
Table  1  See  teat 

hiving  about  13.6%  s  ind  86.4%  p  character.  A  simplified  hybrid 
orbital  picture  of  the  bonding  in  NFj*  can  then  be  constructed 
in  tbe  following  way.  Starling  with  an  isolated  *S  N*  ion  (prepared 
for  bonding  with  four  valence  electrons  in  four  orhitals—one  s 
and  three  p  (2af,  2pttt)>  and  eliminating  the  aingly  occupied 
nonbonding  s°  iHpO.isa  orhital  from  the  s  and  3p’a  leaves  0.8635 
s  and  2. 1 365  p — that  ii,  three  N-F  bonds,  each  using  a  nitrogen 
hybrid  s0  2,7,p°  mj  or  c*  apu.  Now  it  is  interesting  to  predict 
the  angle,  of,  between  sp3-5  orbitals  and  the  plane  of  the  3  F  atoma17 
and  compare  it  with  the  angle  a,  which  characterizes  tbe  "F 
hyperfine  interaction  anisotropy. 

The  four  N+  bonding  electrons  must  be  placed  in  four  or¬ 
thogonal  orbitals,  the  non  bonding  one  directed  along  the  2  axis 
M)  and  three  equivalent  ones  (t^j,  ^},  ^t)  directed  along  tbe  N-F 
bonds.  It  is  sufficient  to  consider  any  one  of  tbe  bonding  orbitals, 
chosen  to  be  directed  somewhere  in  the  xz  pline  (Figure  3). 
Orthonormality  requires  iiuti)  *  0  and 

*\  "  0  “  W'VnW  +  O/V'VnW 

h  •flldM*)  *  0  -/)1/Vn(2P,)  - 

/'Vn(2*>  +  <»  (-cos  A  +h(2p,)  +  sin  A  iN(2P/-)J 

where  the/is  the  fraction  of  s  character  in  the  nitrogen  bonding 
orbital  ^2.  With  3//J  *  0-9293  as  previously  estimated,  we  find 
00a  A  ■  0.2527,  or  A  *  75.4°,  a'  ■  14.6°.  Tbe  angle  between 


(17)  C.  A.  Coulsoo.  “Vitence*.  Oxford  University  Prew,  London,  1961. 
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Figure  3.  (1)  Nonbonding  orbits!  directed  along  ihe  r  axis,  This 
urbiul  u  a  linear  combination  of  a  nitrogen  2s  and  2p,  orbital,  (b)  One 
of  tbe  three  nitrogen  bonding  orbitals  This  orbital  ii  in  the  xz  plane  and 
is  directed  along  the  N-F  bond 

any  NF  bond  and  the  threefold  axis  might  be  expected  to  be  about 
104.6°,  a  little  under  the  tetrahedial  ingle  (109.5°). 

It  is  interesting  that  the  magnitude  of  a'  agrees  with  the  value 
of  joj  ■  1 5  ±  I  °  (Table  I).  The  consistency  in  magnitude  between 
the  isotropic  and  dipolar  nitrogen  hyperfine  matrix  and  the  dipolar 
fluorine  hyperfine  matrix  within  a  simple  hybrid-orhital  picture 
of  bonding  ia  remarkable  However,  since  the  experiment  and 
simulations  provide  only  the  magnitude  of  or  and  not  its  sign,  the 
agreement  could  be  illusory.  A  similar,  generally  consistent  picture 
can  be  constructed  for  -CFj,  which  was  previously  analyzed.  For 
this  radical,  tbe  magnitude  of  a  was  1 7.8°,  and  judging  from  the 
ISC  hyperfine  matrices,  it  has  a  consistent  hybridization  of  ~sp3; 
more  specifically,  o'  *  19.6°;  Edlund  et  al.,s  propose,  on  the  basis 
of  IN  DO  calculations,  that  the  measured  value  of  a  is  actually 
-17.8°.  That  is.  they  assert  that,  fortuitously,  the  spin-density 
distribution  is  such  that  a  and  a'  arc  approximately  equal  in 
magnitude  but  opposite  in  sign,  making  a  large  angle  (~37°) 
between  the  principal  axis  of  the  fluorine  hyperfine  matrix  and 
the  normal  to  the  C-F  bond.  With  no  more  information,  it  is 
difficult  to  judge  the  validity  of  their  conclusion,  particularly  as 
IN  DO  methods  are  grounded  in  a  great  many  formidable  ap¬ 
proximations.  However,  since  Edlund  et  al  supplemented  their 
INDO  work  with  a  few  ah  initio  computations,  with  similar  results, 
one  must  suspect  that  a  really  is  negative  for  -CFj  and  possibly 
for  -NFj4  and /or  -BFj"  as  well.  Therefore,  Benzel  et  al.1*  hive 
carried  out  full  ab  initio  computations,  with  geometric  variation 
to  establish  the  potential  minima,  on  the  isociectronic  series  NFj°, 
•CFj,  and  -BFi".  Tbe  results,  presented  in  the  following  paper, 
generally  confirm  the  proposition  of  Edlund  et  al.,s  They  support 
the  idea  that  the  main  fluorine  contribution  to  the  singly  oocupied 
molecular  orhitil  (HOMO)  is  a  p  orbital  that  is  directed  along 
the  principal  axis  of  the  **F  hyperfine  coupling  matrix  but  that 
is  neither  coincident  with  nor  orthogonal  to  any  of  the  bonds  or 
molecular  symmetry  axes.  The  anisotropic  part  of  tbe  fluorine 
hyperfine  coupling  apparently  can  indicate  the  spin  density  and 
orientation  of  this  participating  p  orhital  but  cannot  be  used  to 
establish  the  molecular  geometry. 


(18)  O  Edlund.  A.  Lund,  M.  Shiouni,  J.  Sohma,  and  K.  A.  Thuomiu. 
Mol  Phys.,  31.49  (1976). 

(19)  M.  Benzel.  A.  M.  Maurice,  R.  L.  Belford,  and  C.  E-  Dykatra,/.  Am. 
7-3  Chtm.  Sot.,  following  paper  in  this  iaaue. 
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Figure  4.  Schematic  representation  of  the  two  possible  local  orbital 
Kbemet  for  the  hif  heal  (singly)  occupied  molecular  orbital  in  NF,*-;  (a) 
F  orbital  essentially  orthogonal  lobond  direction,  a  *  +15*;  (b)  F  orbital 
tilled  toward  bned  direction,  a  •  -15*. 

OwdwioM 

Despite  an  apparently  large,  diffuse  background,  it  has  been 
poasihle  to  ohtain  satisfactory  Zeeman,  nitrogen  hyperfinc.  and 
fluorine  hyper  fine  matrices  for  the  rigid  trigonal- pyramidal  -NF,* 
radical  cation  hy  computer  simulation  of  the  EPR  spectra  of 
X-irradiatcd  NF*AsFt  and  ,<NF«AsFt.  annealed  and  tben  cooled 
to  "«25  K. 

All  the  data  can  be  rationalized  in  terms  of  a  hybrid-orbital 
bonding  scheme  with  (I)  the  unpaired  electron  in  mainly  a  non¬ 
bonding  N(sp* 3')  orbital  (which  also  to  some  extent  involves 
fluorine  p,  orbitab  in  an  antibonding  interaction),  (2)  sp1-'  nitrogen 
hybrid  bonding  orhiials,  (3)  105®  angles  between  the  threefold 


axis  and  the  N-F  bonds,  and  (4)  the  fluorine  part  of  the  HOMO 
being  mainly  pt-like,  with  its  2  axis  tilted  plus  or  minus  15*  from 
the  threefold  axis  (see  Figure  4). 

The  iaoelectroric  radical  -CFj  is  similai ,  the  corresponding  angle 
being  108*  and  the  carbon  bonding  hybrids  about  sp3  (see  Table 
11).  Unfortunately,  no  anisotropic  data  are  available  for  BF,', 
the  next  member  of  the  isoelectronic  series;  isotropic  parameters 
are  compared  in  Tahle  II. 

The  structural  angles  between  ihe  C,  axis  and  normals  to  tbe 
bonds  for 'NFj*  and  *CFS  are  "*-14.6*  and  19.6*,  respectively. 
The  principal  axes  of  the  fluorine  hyperfinc  matrices  deviate  from 
the  C),  axes  hy  ~  1 5*  and  18*.  respectively.  Depending  on  the 
sign  of  this  deviation,  these  fluorine  A  axes  could  be  either  es- 
scntially  perpendicular  to  or  tilted,  hy  -30*  or  3?*,  respectively, 
from  the  N~F  or  C-F  bonds.  The  latter  interpretation  (sche¬ 
matically  indicated  in  Figure  4h)  is  suppurted  hy  electronic 
structure  calculations. 
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Aha tract:  Ah  imitoSCF  molecular  orbital  calculations  wiih  dwible-f  and  polarized  double- f  bases  arc  reported  for  the  isocloctronic 
series  of  C*  radicals -NF,*. -CF,,  and -BF,'.  Ai  the  potential  minima,  the  bond  length*  arc  1.314  A  forNF,*,  1.341  A  for 
CFj.  and  1.442  A  for  BF,‘;  the  complements  of  the  umbrella  angle*  are  +  12.1*  for  NF,*,  -f  1 7.1*  for  CFJt  and  +19.6*  for 
BFj*.  Calculaied  inversion  barriers  are  about  1 1,  33,  and  28  keal/mol  for  NFj*.  CFj,  and  BF,',  respectively,  Bonding  and 
the  predicted  dependence  of  EPR  parameters  upon  radical  geometry  are  discussed.  With  respect  to  ihc  spin-density  distribution 
and  tbe  radical  geometry,  these  cairn  la  non*  confirm  tbe  general  inferences  drawn  from  tbe  previous  EPR  analysis— in  particular, 
the  hyperfinc  interaction  of  the  ceniral  aiom.  However,  an  experimental  ambiguity  in  orientation  of  the  principal  axis  of  the 
fluorine  hyperfinc  coupling  matrix  is  resolved  in  favor  of  the  non  intuitive  alternative.  It  is  concluded  that  quantitative  information 
about  the  geomeiry  of  such  radicals  cannot  be  inferred  from  the  oriental  ion  of  the  halogen  hyperfine  axes. 


The  trigonal-pyramidal  fluorocarbon  -CF,  and  its  isoelectric 
neighbors  -NF,*  and  -BF,"  are  archetypal  fluoro  radicals. 

However,  tbere  have  been  no  direct  determinations  of  the  mo¬ 
lecular  structure  of  any  of  these  species,  and  experimental  in¬ 
formation  bearing  on  their  electronic  structure  is  still  being  ac¬ 
cumulated.1  The  most  detailed  experimental  clues  availahle  on 
these  species  are  to  be  found  in  the  anisotropic  electron  para¬ 
magnetic  resonance  spectra  of  YM,  (Y  -  C,  N*.  R3  as  impurity 
sites  in  solids  at  low  temperature.  An  intriguing  feature  of  both 
■CF,,  whoae  EPR  parameters  are  fairly  well-known,  and  -NF,\ 
for  which  anisotropic  EPR  results  are  just  now  being  reported,1 
i;  that  the  angle  a  between  the  trigonal  axis  and  the  principal  axis 
of  the  *’F  hyperfine  coupling  tensor  is  about  the  same  as  the 
structural  angle  a'  hy  the  pyramid  is  expected  to  deviaie  from 
a  planar  structure.  The  obvious  interpretation  is  that  the  part 

(l)  A.  M  Maurice,  R.  L.  BeMoed.  1.  B  Coidberg,  and  X.  O.  Cbfisie.  /  (7)  O.  Edhind,  A.  Lund,  M.  Sbiotini,  3.  Sohma,  and  K.  A.  Thuoma*.  Mol. 

Am.  Chtm.  Soc..  preceding  paper  la  ibis  is*’*.  j_ ^  Pkys..  31.  49  (1976). 
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of  the  spin  density  localized  on  tbe  fluorine  center  occupies  a  p* 
orbital  oriented  perpendicular  to  the  bond.  However,  since  the 
experiments  were  done  on  isotropic  (polycrystalline)  samples,  tbe 
relative  signs  of  a  and  a'  are  indeterminable  If  they  are  of 
opposite  sign,  the  obvious  interpretation  is  invalid.  In  that  event, 
it  would  seem  that  the  fluorine  p  orhital  involved  in  the  highest 
(singly  occupied)  molecular  orhital  would  be  poised  for  bonding 
hy  being  strongly  skewed  with  respect  to  the  Y-F  (Y  *  C,  B", 
or  Nf)  bond.  In  tbe  case  of  -CF,,  1NDO  calculations  and  limited 
ab  initio  calculations2  have  supported  this  second  interpretation. 
Here  we  report  ah  initio  self-consistent- field  (SCF)  calculations 
with  large  basis  sets,  caned  out  to  determine  not  only  the  equi¬ 
librium  structures  of  the  three  radicals  hut  also  their  inversion 
barriers.  These  calculations  provide  detailed  information  on  the 
electron-spin  distributions  leading  to  an  elucidation  of  the  rela- 
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High-resolution  spectra  have  been  obtained  for  (anhydrous  HF)  solutions  of  NQFj*.  NF4*,  NH4*.  NO;*,  and  NO*  in 
,4N  resonance  and  for  NH}F*  (inCF}SO,H)  in  l5N  resonance.  Broader  ,4N  lines  were  obtained  for  N2F*  (although  the 
one-bond  NF  coupling  was  resolved),  N2F,*,  and  NHjF*.  For  F2N— ,VF*  and  NH,F*  the  reduced  electronic  symmetry 
promotes  quadrupolar  broadening  of  the  l4N  line;  for  N2F*  and  F2IV— cNF*  exchange  processes  may  contribute  also.  The 
nitrogen  lines  in  the  linear  or  planar  species  NaNF*.  NOF;*,  and  F2N=NF*  show  w  fluoro  effects,  being  shifted  upfield 
relative  to  those  i>i  corresponding  species  with  hydrogen,  alkyl,  or  aryl  groups  instead  of  fluorine,  despite  the  reduction 
in  electron  density  on  nitrogen.  The  higher  shielding  is  related  to  increase  in  energy  of  nN  -*  *•*  and  a  —  **  paramagnetic 
circulations  and  so  corresponds  to  perfluoro  effects  which  are  well-known  in  electronic  and  phoioclectron  spectroscopy. 

In  planar  systems,  fiuorination  stabilizes  o  relative  to  »  orbitals,  since  interaction  with  the  filled  F,  orbitals  counteracts 
the  inductive  stabilization  of  the  n  orbitals.  In  the  nonplanar  species,  however,  the  nitrogen  line  moves  strongly  downfield 
with  fiuorination,  as  from  NH4*  to  NHjF*  to  NF«*.  These  shifts  are  described  as  a  fluoro  effects  and  are  explained,  at 
least  in  part,  by  the  decrease  in  electron  density  on  nitrogen.  The  higher  shielding  of  nitrogen  in  N  H,*  in  anhydrous  HF 


relative  to  that  in  aqueous  solutions  can  be  attributed  to 

Introduction 

Because  of  the  extreme  position  of  fluorine  in  the  periodic 
table,  effects  that  occur  to  a  lesser  degree  with  other  sub¬ 
stituents  can  be  “tested"  in  fluorine  chemistry;  indeed  some 
are  then  so  marked  as  to  be  called  “(per)fluoro  effects".  An 
example  is  the  perfluoro  effect  in  planar  systems  which  is  used 
to  distinguish  a  from  r  orbitals  in  photoelectron  spectroscopy 
and  to  characterize  n  —  *•  (or  o  -*  *•)  excitations  in  elec¬ 
tronic  spectroscopy.1'3  It  results  from  the  marked  stabilization 
of  the  <r-orbital  manifold  relative  to  the  *r  when  hydrogens  or 
alkyl  groups  are  replaced  by  fluorine.  Although  the  (-1) 
inductive  effect  of  fluorine  stabilizes  the  o  and  the  w  orbitals, 
the  effect  on  the  r  orbitals  is  offset  by  the  repulsion  of  the 
fluorine  nonbonding  electrons  (+lt) 

Corresponding  effects  can  be  discerned  in  l5C  and  ,5N 
NMR  shifts.4  In  the  aza benzenes,4*  for  example,  nN  -*  *•* 
bands  are  strongly  blue  shifted  and  nitrogen  resonances  shifted 
upfield,  since  (planar)  nitrogen  carrying  a  lone  pair  is  de- 
shieldcd  by  nN  -*  **  electronic  circulations  in  the  magnetic 
field,  and  an  increase  in  the  excitation  energy  A£(nN  -*  **•) 
acts  to  reduce  the  circulation  and  the  deshielding.  Such 
“perfluoro"  effects  are  usefully  (following  Licbman*)  termed 
x  fluoro  effects,  as  they  are  evident  also  on  partial  fiuorination, 
with  some  additivity.  The  term  “<r  fluoro  effects"  can  then 
be  applied  to  nonplanar  systems  (in  which  dramatic  downfield 
shifts  may  be  observed  for  atoms  directly  bonded  to  fluorine) 
and  also  tn  contributory  influences  nf  flimrine  attached  to  a 
resonant  atom  in  a  w-bonded  system.  These  effects  reflect 
changes  in  electron  density  and  orbital  coefficients  as  well  as 
in  excitation  energies,  as  discussed  below. 

We  now  report  a  nitrogen  NMR  spectroscopic  study  of  the 
cations  NF4V  NHjF*,*  F2N=NFV  NOF2*,!o  FN=N*,lu2 
NH4*,  NO*,  and  N02*.  in  anhydrous  HF  (or  CFjSOjH) 
solution,  to  throw  light  on  the  effects  of  fiuorination  in  these 
ions. 

,4N  vs.  ,5N  NMR  Spectroscopy 

Nitrogen  NMR  spectroscopy  in  high  resolution  normally 
requires  the  l5N  nucleus,  but  the  low  abundance  (0.365%)  has 
severely  restricted  its  application  to  fluoronitrogen  chemistry. 
Sharp  lines  can,  however,  be  obtained  for  the  abundant  but 
quadrupolar  l4N  nucleus  in  mobile  solutions  of  NH4*,  CH}- 
NsC,  or  Nty,  since  the  high  local  symmetry  (small  electric 
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i-H-F  hydrogen  bonding. 


field  gradient)  allows  the  nuclear  electric  quadrupole  and 
therefore  the  nuclear  spin  to  relax  sufficiently  slowly.5  Thus 
high-resolution  l4N  NMR  spectroscopy  should  in  principle  be 
possible  for  the  NF4*.  FN*N*.  and  F2N=X*  ions,  but 
greater  quadrupolar  broadening  is  expected  for  the  F2N=/VF* 
nitrogen,  which  carries  a  lone  pair  of  electrons,  although  'JNF 
and  were  resolved  in  ,9F|,4N|  double  resonance  studies 
of  cis-  and  mww-FN— NF.IJ  (l4Nt4N  coupling  constants  are 
expected  to  be  small,  5  Hz  or  less,  since  is  about  6  Hz 

for  the  dinitrogen  ligand  M-NsN14*  or  10  Hz  for  the  hy- 
drazido(2~)  ligand  M=N — NH2,l4b) 

The  low  viscosity  of  fluoro  compounds  and  liquid  HF  as 
solvent  is  advantageous  for  l4N  work  since  the  quadrupolar 
relaxation  rate  is  proportional  to  the  molecular  reorientation 
time  and  therefore  to  the  viscosity.  Pure  liquid  HF  has  a 
viscosity  of  0.26  cP  at  0  °C  and  0.45  cP  at  -45  °C  (cf.  I  cP 
at  20  °C  for  water).  Unfortunately  this  solvent  is  (underst- 
ably)  unpopular  with  operators  of  widebore  spectrometers  for 
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Table  I.  ^-Bonded  Fluoronitrogen  and  Related  Compounds1 


compd 

solvent 

Trc° 

MN)b 

j^,4nf/ 

Hz* 

,j,|4nf/ 

tlzc 

Vutlto* 

rq/ms* 

ref 

("F  / 

ref 

(*W,N)» 

l'N^N’Asl'V 

N-l 

HF 

-191.2 

339  (14) 

nr 

120  0  2) 

t  2 

1328) 

tl 

-50 

400 

N-2 

-166.1 

nr 

nr 

205  (14) 

-50 

600 

PhN-N’BI  4 

N-l 

-156.4 

19  ("N) 

I  2 

N-2 

-63.4 

NOiyAsF/ 

111 

99.0 

254  (3) 

18  (3) 

18  (6) 

1250| 

10 

NO/ 

neat  liq 

-110 

-87.6 

t09  (5) 

24 

|tl2.5| 

I  ,N  Nl  ‘Asty 

N-l 

HI- 

-75,9 

nr 

nr 

870  (50) 

t  2 

-50 

2200 

N-2 

26,0 

195  (15) 

nr 

280  (20) 

-50 

950 

ds-FN-NF 

CCI,I 

4 

*  145 

*37 

t3 

r«»u-FN=NF 

CC1,I 

66 

1 1 36 

*73 

13 

NOI 

neat  liq 

-80 

104 

•  •  » 

nr 

245 

21 

-78 

III) 

24 

Cl  ,N(Ol-Nl- 

N-l 

-123 

h 

1  2 

N-2 

-58 

a  Other  than  ambient  temperature.  b  ,4N  shift  relative  to  neat  liquid  CDjNO,.  with  low  field  positive.  The  new  measurements  were  made 
at  28.9  Mttz  1400  MH/  for  proto  ;r)  except  for  N0t;,*AsF4‘ ,  which  was  measured  at  4.33  MHz  (60  MHz  for  protons).  The  reference  for 
shifts  measured  at  4.33  MHz  is  5  M  NH4NO,  in  2  M  HNO,,  for  which  NH4*(aq)  has  6  -  360.0  relative  to  neat  liquid  CHjNO,.  c^'*n^,4N  = 
-1.403.  nr  means  “not  resolved’’.  The  spin-spin  coupling  unresolved  in  ,4N  resonance  has  not  been  resolved  in  **F  resonance.  Coupling 
constants  shown  in  brackets  were  measured  in  '*!'  resonance.  d  Line  width  at  half-height .  e  Ouadrupolar  relaxation  time,  given  by  7q  = 
1/bH,,„  when  the  line  is  noi  broadened  significantly  by  unresolved  coupling  ot  exchange.  f  Reference  to  **F  measurement  of  JNy.  *  Refer¬ 
ence  to  nitrogen  NMR  measurement,  h  Frazer,  J.  W.;  Holder,  B.  K.:  Worden,  F.  F ./  Inorg.  A 'uct.  Chem ,  1962, 2 4,  45.  1  Uncertainties  are 
given  in  patentheses  in  units  of  the  last  digits. 


Table  II.  Nitrogen  Oxo  Ions 


compd 

solvent 

7/0* 

*(N> 

W,JHi 

rq/m$ 

ref 

NO/AsF/ 

HI 

-70 

-136.3 

5  (t) 

65  (30) 

34  (“N) 

NO/BF4  (FSO,  ) 
N0,‘HS04 
"0,N— NO'Na,’* 

SO, 

-60 

131.5 

4:|  ll,S04-HNO, 

-132(1) 

29 

11 

C 

aq 

-43.4 

16 

27.9 

NO’Asl  , 

HF 

-7.5 

95(14) 

3  (0.3) 

NO’ttSO, 

h,so4 

-5(10) 

broad 

21 

NO’BF4  (PF4  ) 

SO, 

-60 

-3.2 

34('«N) 

NH/NO,  (5  M) 

HNOj(aq)  (2  M) 

-4.5 

Na’NO, 

(satd.aqi 

229 

0  See  footnote  <j  of  Table  1. 

b  See  footnote  b  of  Table  1. 

*  Chew.  K.  ! 

unpublished  results.  Quoted  by : 

Logan, N. 

In  "Nitrogen  NMR"; 

Wilanowski,  M.,  Webb,  G.  A., 

Fills.;  Plenum  Press;  London,  1973;  Chapter  6. 

I  he  study  of  ISN  in  natural  abundance  when  the  sample  volume 
is  1 2  cmJ  or  more,  particularly  if  the  solute  is  under  pressure. 
Trifltc  acid  (CF3S03H)  is  more  accepiablc,  and  we  used  this 
for  ihe  l5N  spectrum  of  NH3F*. 

Results  and  Discussion 

As  recorded  in  Tables  1-1 II,  the  MN  lines  are  very  sharp 
for  NT/  and  NH/,  quilt:  sharp  for  NOF/  and  NO/,  but 
rather  broad  for  NO*,  and  broader  still  for  NskNF*,  FN= 
NF2+,  and  NH5F+.  For  solutions  of  similar  viscosity,  ihe 
quadrupolar  broadening  should  perhaps  increase  as  NF/  < 
F2NO+  <  Fj/V—NF*  <  N«AT*  <  N=NF*  «  F2N==AF+, 
and  also  NF/  <  NH3F*.  Thus  some  of  the  lines  are  broader 
than  might  be  expected  from  the  electronic  asymmetry  near 
nitrogen  and  the  resolution  of  lJNf  and  2JS?  in  NFj  and 
FN=NF.,J 

Another  possible  mechanism  for  line  broadening  is  exchange 
of  F"  or  H+  with  the  solvent,  e.g. 

n2f3+  +  P  ^  n2f4 
n2f*  +  P  *=*  n2f2 
nh3f*  -  nh2f+  h+ 

Such  exchange  is  evident  in  the  ,9F  spectrum  of  N2F/  in  liquid 
HF,  the  line  sharpening  with  decrease  in  temperature,  or 


addition  of  a  Lewis  acid  such  as  AsF;  to  slow  down  exchange 
by  withdrawing  F"  as  AsF/.9  The  three  FF  couplings  were 
resolved  but  NF  coupling  was  nol.  In  the  14N  spectra, 
unexpectedly,  l7NF  could  be  observed  for  the  less  symmetrical 
nitrogen  (carrying  a  lone  pair)  but  not  for  the  other  (Table 
I).  Both  resonances  arc  broad  and  broaden  further  with  de¬ 
crease  in  temperature  because  of  the  increase  in  viscosity.'  For 
N2F*  the  one-bond  NF  coupling  was  resolvable  in  14N  and 
in  19F  resonance,  but  no  two-bond  coupling  was  resolved,  and 
ihcse  14N  lines,  also,  broaden  with  decrease  in  temperature 
(Table  I).  Clearly  there  is  a  conflict  between  the  temperature 
conditions  needed  for  the  reduction  of  quadrupolar  broadening 
and  of  exchange  broadening. 

In  19F  resonances  of  (14NH3F)(CF3S03)  in  concentrated 
HjS04  no  coupling  was  resolved  at  30  °C.  An  optimum 
spectrum  was  obtained  at  -40  °C,  a  quartet  with  2JHf  *  43 
Hz  and  JV, /2  =  5.6  Hz,  but  no  14NF  coupling  was  resolved. 
No  NH  or  NF  coupling  in  NH3F+  in  HF  solution  could  be 
resolved  in  ,4N  resonance  under  the  various  conditions  given 
in  Table  III,  Addition  of  AsFj  increased  the  line  width,  in¬ 
dicating  that  any  decrease  in  exchange  broadening  is  out¬ 
weighed  by  effects  of  increased  viscosity.  75As  observations 
of  KAsFft  in  acetone  showed15*  that  doubling  the  concentration 
(from  l  to  2  M)  increased  the  viscosity  hy  a  factor  of  about 
17  and  roughly  halved  the  spin-lattice  relaxation  time,  cor- 
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Table  III.  Nonplanar  Fluoroniirogen  and  Related  Compounds" 


compd 

solvent 

rfc° 

6<N>6 

'2mnf/Hzc 

R'I„/Hz‘* 

Turns' 

ref 

(«*iy 

ref 

NH, 

neat  liq 

-380.0 

NH4’AsF. 

HF 

-369.6 

54.3(1.7) 

2  (1) 

160 

NH/NO,  (5  M) 

HNO,(jq) (2  M) 

-360.0 

52 

N,H, 

neat  ltq 

-335 

25  <"N) 

NH.F4  O.SCT, 

(T-,SO,H 

+  2.0 

252. 1* 

33.9  (3.0>b 

30.8  (3.0)6 

3 

HF 

+  10 

-259.6 

nt 

nr 

350f 

1 

-40 

-257.6 

600f 

0.6 

111  /Asl-, 

+  10 

-260.0 

nr 

nr 

420 

-40 

-256 

730 

NOF, 

neat  liq 

-120 

-147 

208 

23a 

-110 

-137 

134 

24 

|I35.5| 

23b 

NF/BF, 

HI 

-92.3 

230.5 

2  (1) 

160 

1-31 1 

NF/AjIV 

111-' 

-92.2 

230.5 

3(1) 

100 

1 234 1 

7  b 

|231| 

7  c 

n,f4 

neat  Ik) 

49 

13 

41 

m 

24 

11601 

d 

NF, 

neat  hq 

-130 

-9 

nr 

225 

23 

-152 

-14.3 

158 

24 

(1 55 1  13 

"  Terms  in  ihe  column  heads  arc  defined  in  footnotes  u-fl  of  Table  I.  b  “N  measurements  at  18.24  MHz  giving  *./i»NF  -  47.6  (3.0)  Hz  with 
proton  decoupling  and  -43.2  (3.0)  Hz.  e  Broad  band  proton  decoupling  reduced  these  line  widths  by  about  50  Hz.  d  Ft  linger.  R.; 

Colburn,  C.  B.  Inorg.  Chem.  I  963. 2,  1 3 1 1 . 


responding  to  a  doubling  of  the  line  width.  We  obtained  a 
septet  fer  the  75As  line  for  AsF*  in  the  (NHjF)(CFjSOj) 
solution  in  HF.  with  VMF  M  933  Hz  as  obtained  previously,15 
but  with  a  greater  line  width  (W\f 2  *  800  Hz  at  25  °C)  than 
those  reported  for  aqueous  solutions  (94  Hz)l5b  or  in  organic 
solvents  (150-450  Hz)15*  despite  the  lower  viscosity  of  liquid 
HF.  This  indicates  exchange  broadening  as  well  as  quadru- 
polar  broadening  of  the  75 As  line.  (In  highly  symmetric  en¬ 
vironments,  as  in  AsF4‘,  quadrupolar  relaxation  is  mediated 
by  transient  electric  field  gradients  at  the  nucleus  during 
Brownian  motions.) 

Fortunately  we  could  measure  the  natural-abundance  ISN 
spectrum  of  NHjF*  in  solution  in  triflic  acid,  CFjSOjH. 
Proton  decoupling  gave  a  doublet  with  negative  intensity 
corresponding  to  Ihe  maximal  NOE  factor  for  l5N  (tj  *  -4.93) 
and  an  l5NF  coupling  constant  of  48  Hz,  equivalent  to  34  Hz 
for  l4N.  The  fully  coupled  spectrum  gave  an  l5NH  coupling 
constant  of  43  Hz,  equivalent  to  31  Hz  for  14N. 

ir  Fluoro  Effects.  Table  1  gives  the  nitrogen  NMR  param¬ 
eters  for  linear  or  planar  fluoronitrogen  ions  and  molecules, 
with  some  related  compounds  for  comparison.  Some  inter¬ 
esting  correspondences  ean  be  observed  in  the  chemical  shifts. 
The  F,jN*=  nitrogen  has  similar  shifts  in  F:N=C+  and  in 
F2N-=*NF*.  and  the  mean  of  the  two  nitrogen  shifts  in 
FjN=NF+  resembles  that  for  the  isoelectronic  nitro- 
hydroxamate  ion  (02N“N0)2'.14  The  resonance  of  the 
=NF  nitrogen  in  F2N=NF\  which  has  fluorine  cis  and  trans, 
lies  between  the  resonances  for  cis-  and  fnj/u-FN*«NF.IJ 

A  ir  fluoro  effect  is  evident  in  the  upfteld  shift  of  up  lo  100 
ppm  on  replacement  of  R  or  Ar  by  fluorine  in  diazenes  (azo 
compounds)  RN=NR,17  and  similarly  for  the  diazenium 
nitrogen  =NF2+  compared  with  protonated  diazenes11  and  for 
terminal  nitrogen  in  Ihe  diazonium  ions  FN^V*  compared 
with  PhN=Arf.’9  Interestingly  the  upfteld  shift  is  smaller, 


(15)  (»)  Arnold.  M.  S.:  Packer.  K.  J.  Mol.  Pkys.  196*.  10, 141.  (b)  Bali- 
m*nn,  G.;  Pregotin,  P.  S.  J.  Magn.  Rtson.  1977,  26,  283. 

(16)  There  is  *ome  doubt  u  to  the  auignmenta  of  the  two  lines:  Schultheiu, 
H.;  Ruck.  E.  Z.  Naturforsck.,  B.  Anorg.  Ckem.,  Org.  Chem.  1977,  32B, 
257. 

(17)  M»»on,  J.;  van  Broniwijk,  W.  J.  Ckem.  Soc.  A  1971,  791 . 

(18)  Duthaler,  R.  O.;  Roberta,  J.  D.  J.  Am.  Ckem.  Soc.  1978, 100, 4969. 
Kuroda.  Y.;  Lee.  H.;  Kuwae,  A.  J.  Pkys  Ckem.  1980, 84,  3417. 


30  ppm,  for  the  two-coordinate  diazonium  nitrogen  FAte*N\ 
and  Ihis  illustraics  the  multiplicity  of  factors  when  fluorine 
is  directly  attached  to  the  resonant  atom.  As  well  as  the  x 
fluoro  effect,  tending  to  increase  the  shielding  by  increasing 
AE(HOMOLUMO),  the  fluoro  subslitu'ion  tends  lo  increase 
the  shielding  by  removing  electron  density  from  the  para¬ 
magnetic  circulations  on  nilrogen;  but  the  increase  in  positive 
charge  on  nitrogen  reduces  the  radius  of  the  paramagnetic 
circulations,  increasing  their  effect.  These  factors  are  repre¬ 
sented  (respectively)  by  the  three  terms  A£,  £(?.  and  (r  5)2p 
in  the  approximate  formulation  of  the  local  paramagnetic  term, 
restricted  lo  electronic  circulations  on  the  observed  atom  A 
bonded  to  other  atoms  B20 


-MoMa('"5>2P_ 

2ir  (A£)  (^AA  + 


£  <2ab) 
A«a 


(I) 


where  Ma  is  the  permeability  of  free  space,  Mg  the  Bohr 
magneton,  and  r2.  the  radius  of  the  valence  p  electrons,  and 
the  downfteld  shirt  increases  with  the  absolute  magnitude  of 
The  X.Q  term  expresses  the  imbalance  of  electronic 
charge  that  allows  the  paramagnetic  circulation  in  the  mag¬ 
netic  field.  The  Q ^  part  depends  on  the  2p orbital  populations 
on  the  atom  A,  whereas  ls  a  multiple-bond  icrm  that 
(with  the  energy  term)  is  responsible  for  the  large  differences 
in  chemical  shift  for  the  different  bond  orders.  Loss  of  electron 
density  (or  reduction  of  orbital  coefficients)  with  substitution 
uy  electronegative  ligands  such  as  oxygen  or  fluorine  may 
increase  Ihe  shielding,  by  reducing  £(?.  On  the  other  hand, 
the  radial  term  <r'J)2p  and  therefore  the  deshielding  increase 
in  proportion  to  Ihe  increase  in  (positive)  atomic  charge.  Thus 
the  x  fluoro  (A£)  effects  tend  to  increase  the  shielding, 
whereas  the  o  fluoro  effects,  decrease  in  £(?  and  increase  in 
radial  terms  <r'3)2p,  tend  to  eancel.  Substituen*  effects  are 
particularly  influential  for  the  lower  field  resonances  such  as 
those  of  the  diazene  or  nitroso  compounds:  thtre  is  a-i  upfieid 
shift  of  450  ppm  from  alkyl  or  aryl  nitroso  compounds  to  NOF, 


(19)  Duthaler,  R.  O .  Fftrfler,  H  G ;  Robert*,  J.  D.  J.  Am.  Chem.  Soc.  1978, 
100, 4974. 

(20)  Saika,  A.;  SUchter,  C.  P.  J.  Chem.  Pkys.  1954, 22, 26.  Popk,  J.  A,  Mol. 
Pkys.  19*1-1964,  7,  301. 
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Figure  I.  a  fluoro  effects  in  nonpianar  systems. 


paralleled  by  a  blue  shift  in  nN  »•  absorption  from  760  to 
311  nm  (corresponding  to  an  increase  in  A£from  1.6  to4cV, 
for  this  contribution  to  the  appropriate  component  of  the 
shielding  tensor).11 

Replacement  of  O  by  fluorine  results  in  upficld  nitrogen 
shifts,  of  1 20  ppm  for  NOF  compared  with  N02'  and  80  ppm 
for  NOjF  (95  ppm  for  NOF2+)  compared  with  NO,"  (Tables 
I  and  II);  cf.  the  blue  shift  in  the  nN  -*  »•  absorption  from 
357  nm  for  NO."  to  311  nm  for  NOF.  Again,  there  are  a 
fluoro  effects  of  the  reduction  in  electron  density  on  nitrogen 
which  tend  to  cancel:  a  CNDO/S  estimate  indicates  a  5% 
increase  in  (r'J)2p  from  N02'  to  NOF,  corresponding  to  de- 
shielding  by  30  ppm  or  so,  counteracted  by  effects  of  decrease 
in  the  constitutive  terms. 

o  Fluoro  Effects  in  Nonpbnnr  Groups.  Table  III  and  Figure 
I  show  the  strong  deshielding  of  nitrogen  in  nonpianar  groups 
when  directly  bonded  hydrogen  or  alkyl  (or  aryl)  substituents 
are  replaced  by  fluorine.  The  dcshiclding  is  particularly  large 
from  NH,  to  NF,,2)1-24  and  N2H425  to  N2F4.13  and  is  smaller 
for  nitrogen  bearing  a  positive  charge  (NH4+ 1°  NF/)  or  an 
oxygen  substituent  (Mc,N022  to  NOF,23b).  The  increase  in 
the  radial  factor  with  fluorination  now  acts  in  the  same  di- 
rection  as  the  observed  shifts,  on  the  whole;  (r'3>2)?  increases 
by  17%  from  NH,  to  NF,  and  by  20%  from  NH4  to  NF/. 
However,  the  line  shifts  upfield  from  NFj  to  NF/  or  NOF,, 
despite  sizable  increase  in  the  radial  term.  The  upfield  shift 
from  NF,  to  NOF,  has  been  attributed  in  part  to  the  increase 
in  the  electronic  symmetry  around  nitrogen,  approaching  the 
spherically  symmetric  distribution  of  an  inert  gas;2*  but  ni¬ 
trogen  in  NF/  is  significantly  dcshielded  compared  to  NOF, 
(despite  similar  values  of  the  radial  term).  Indeed,  the  dc- 
shielding  in  NF/  compared  with  NH/  or  NOF,  illustrates 
the  subtlety  of  the  concept  of  “imbalance  of  electronic  charge" 
as  it  contributes  to  nuclear  magnetic  deshielding. 

As  to  the  energy  terms,  the  electronic  circulations  dc- 
shielding  nitrogen  in  these  molecules  are  all  of a  -*  a*  type, 
including  the  nN  -*  a*  circulations  in  NH,.  NF,.  N2H4,  and 
N2F4,  since  the  nitrogen  lone-pair  orbitals  are  strongly  linked 
to  the  a  framework.  The  higher  shielding  of  nitrogen  in  NOF, 
or  NF/  compared  with  NF,  follows  the  normal  pattern  on 
replacement  of  a  lone  pair  on  nitrogen  by  a  strong  a  bond, 

(21)  Andover,  L  -O.;  Muon,  J.;  van  Broniwijk,  W.  J.  Chem  Soc.  A  tfTO, 
2%. 

(22)  Herbison-Evini,  D ;  Richard*.  R.  E.  Mol.  Phys.  1W4, 8,  t9. 

(23)  (a)  Muon,  J.;  van  Broniwijk,  W.  J.  Chtm.  Soc.  D  1*69,  357.  (b) 
Bartlett,  N.;  Paumore,  J.;  Well*,  E.  J.  Chem.  Common.  t*66.  2t3. 

(24)  Qureshi,  A.  M.;  Riptnccstcr,  J.  A.;  Aubke,  F.  Can.  J.  Chem.  1*69,  47, 
4247. 

(25)  Licbtcr.  R.  L.;  Roberts,  J.  D.  J.  Am.  Chem.  Soc.  1*72,  94,  4904. 

(26)  Aubke,  F.;  Herring,  F.  G.;  Qureshi.  A.  M.  Can.  J.  Chem.  1*7*.  48, 
3504. 


removing  the  lower  energy  nN  -*  o*  circulation.3  The  strong 
deshielding  of  nitrogen  with  fluorination  of  NH,  or  NH/  is 
paralleled  by  that  of  phosphorus27  in  phosphines  or  phospho- 
nium  ions,  carbon  in  alkanes,  silicon  in  silanes,21  and  so  on 
It  is  part  of  a  periodic  trend,  of  increased  dcshiclding  in  sat¬ 
urated  compounds  as  the  ligand  moves  across  the  row  of  the 
periodic  tabic,2*  so  that  it  might  be  expected  to  be  an  inductive 
effect  influencing  the  energy  terms,  since  these  arc  usually 
involved  when  substituent  effects  are  large.  On  the  other  hand, 
the  evidence1"3  from  photoelectron,  optical,  and  electron  impact 
energy  loss  spectroscopy  suggests  that  the  relevant  excitation 
energies  are  significantly  higher  overall  in  the  fluorinated  than 
in  the  un fluorinated  molecules  The  nN  -*  a*  excitation  energy 
increases  from  about  6  5  to  8.7  cV  from  NH,  to  NF,.2*  and 
there  are  similar  increases  in  excitation  energies  with  fluori¬ 
nation  in  the  series  of  the  fluoromethanes,2c  which  are  iso- 
electronic  with  the  fluoroammonium  ions,  although  thcCH 
o  orbitals  arc  destabilized  in  CH,F  and  CH.F;  (but  not  Cl  IF,) 
compared  with  CH4.  The  high  ionization  energy  of  fluorine, 
compared  with  that  of  the  other  halogens,  makes  for  better 
matching,  and  therefore  mixing,  of  the  2p  orbitals  with  carbon 
and  nitrogen  bonding  orbitals.  Whereas  the  halogen  lone-pair 
orbitals  are  highest  lying  in  <hc  other  halogenomethanes,  the 
CH  a  orbitals  are  highest  lying  in  the  fluorom ethanes,  and 
the  fluorine  "lone  pair"  and  CF  o  orbitals  are  comparable  in 
energy.  The  fluorine  "lone  pair"  electrons  arc  extensively 
delocalized,  and  it  may  be  that  their  circulations  in  the 
magnetic  field  help  to  deshield  nitrogen  or  carbon  (etc.)  as 
well  as  fluorine  in  these  molecules,  reinforcing  the  effects  of 
increase  in  the  radial  term. 

Patterns  of  chemical  shifts  can  be  described  in  broad  terms 
by  eq  I .  which  is  a  very  approximate  version  (with  an  average 
energy  denominator)  of  the  local  term  approximation,  which 
restricts  calculation  to  electronic  circulations  on  the  observed 
atom  A.20  Our  use  of  this  equation  is  intended  to  give  a 
"chemical"  picture  of  nuclear  magnetic  shielding,  in  terms  of 
orbitals  and  bonds.  More  accurate  calculations  sum  over  all 
the  excited  states  (or  else  treat  the  magnetic  lield  as  a  per¬ 
turbation  on  the  orbital  manifold)  and  reckon  the  shielding 
contribution  from  circulations  on  neighboring  atoms  by  means 
of  a  dipolar  (neighbor  anisotropy)  approximation,  although 
this  gives  an  underestimate,  as  is  evident  from  the  magnitudes 
of  observed  substituent  effects.2*  The  dcshielding  of  carbon 
from  CH4  to  CH,F  is  matched  quite  well  (slightly  underes¬ 
timated)  by  ab  initio  SCF  methods  with  some  extension  of  the 
basis  set,30  but  further  fluoro  substitution  would  make  large 
demands  on  computer  time.  The  semiempirical  methods  can 
deal  with  larger  molecules  but  cannot  usually  match  experi¬ 
mental  shifts  without  ad  hoc  parameterization  This  has  been 
demonstrated  for  the  IN  DO  method  with  the  specific  example 
of  the  deshielding  of  carbon  from  CH4  to  CH,F.31  The 
standard  parameterization  greatly  underestimates  the  dc¬ 
shielding,  but  the  estimate  can  be  increased  by  a  (drastic) 
reduction  in  the  absolute  value  of  the  resonance  integral  0°CF. 
which  corresponds  to  the  splitting  of  CF  a  and  a*  orbitals. 
This  reduction  corresponds  to  an  increase  in  ionicity  of  the 
CF  bond;  but  the  fault  may  be  with  the  local  term  approxi¬ 
mation.  which  cannot  take  full  account  of  the  dcshielding  of 
the  central  atom  in  these  nonpianar  molecules  by  circulations 
of  the  fluorine  "lone  pair"  electrons. 

Effects  of  the  HF  Medium  on  the  Nitrogen  Shifts.  The 
nitrogen  shift  of  -369.9  ppm  for  NH/  in  anhydrous  HF 
effectively  doubles  the  range  that  has  now  been  observed  for 

(27)  Crutchfield,  M.  M.;  Dungin,  C.  H.;  Lclcher,  J.  H.;  Mark,  V.;  vin 
W»zer,  J.  R.  Top.  Phosphorus  Chem  1*67,  5. 

(28)  Slanislawiki,  D.  A.;  Weil,  R.  J.  Organomel.  Chem.  1*81,  204.  307. 

(29)  Muon,  J.  Ado.  Inorg.  Chem.  Radiockem.  1*7*.  22, 199;  1*76. 18, 197. 

(30)  Ditchficld,  R.  Mol.  Phys.  1*74,  27,  789. 

(31)  Chcremiiin,  A.  A  ;  Sctuulnev,  P.  V.  Zh.  Slruhl.  Khim.  1*79, 20, 999. 
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this  ion.  The  range  previously  extended  from  -359  or  -360 
ppm  for  the  nitrate  in  water  or  aqueous  nitric  acid  to  -3S0 
ppm  for  the  chloride  in  concentrated  HC1,  with  the  bromide 
and  iodide  slightly  downfield  of  this.  Briggs  and  Randall12 
found  that  the  nitrogen  shifts  in  aqueous  acid  solutions  of 
,5NH/  are  independent  of  pH  and  concentration  of  NH/  but 
are  sensitive  to  the  nature  of  the  counterion,  depending  in  linear 
fashion  on  its  concentration.  The  nitrogen  shielding  increases 
in  the  sequence  1*  <  Br'  <  C1‘  <  SCN‘  <  S042'  <  NO/ 
which  differs  from  that  of  the  efficiency  of  the  anion  in  dis¬ 
rupting  the  hydrogen  bonding  of  water.  It  is  the  order  of 
increasing  strength  of  hydrogen  bonding  of  NH/  to  the  an¬ 
ion,12  and  corresponding  results  were  subsequently  found  for 
chlorides,  iodides,  etc.,  of  protonated  (saturated)  amines.11 
Similarly,  for  a  given  anion,  the  nitrogen  line  moves  upfield 
with  change  from  a  chlorinated  solvent  to  methanol  or  water.11 
li  is  pleasing  to  find  that  the  HF  solutions  of  fluoro  anions 
lie  to  the  extreme  of  the  NH/  series,  with  maximal  nitrogen 
shielding  for  the  strongest  hydrogen  bond,  N-H— F.  There 
appears  to  be  a  significant  upfield  shift  also  of  the  nitrogen 
lines  in  NO*  and  NO/  from  liquid  SO}14  to  HF  as  medium, 
with  fluoro  anions  in  each  case  (Table  II).  Hydrogen  bonding 
to  a  lone  pair  on  nitrogen  in  ammonia  or  alkylamines  normally 
deshields  the  nitrogen,11  with  a  sizable  deshielding  from 
gaseous  to  liquid  NHj  and  from  NH3  to  NH/.15 

Split-Spin  Coupling  Constants.  The  NF  coupling  constants 
measured  in  nitrogen  resonance  agree  with  those  observed  in 
”F  resonance,  as  shown  in  the  tables.  The  *,/•♦* f  value  of  339 
Hz  for  FfV=*N*  is  the  largest  known,  correlating  with  the  high 
s  character  in  the  nitrogen  bonding  orbitals,  analogous  to  the 
maximal  ',/i4NM  value  of  96  Hz  (I  Zj  Hz  for  15N)  measured 
for  HC*NH*.M  The  new  Vi4Nr  value  of  195  Hz  for  the 
diazene  nitrogen  F3N— AT*  is  larger  than  those  observed  for 
ci's-  or  /ra/w-FN—NF.  If  the  qualitative  correlation  with  s 
character  holds  (the  quantitative  relation  frequently  fails  when 
nitrogen  bears  a  lone  pair  with  s  character,  as  here17),  it  would 
suggest  that  this  diazene  NNF  angle  is  larger  than  in  cis- 
FN-—NF  (114.4V*  17i<nf  *  145),  which  is  larger  than  in 
iwis-FN— NF  (105.5°,”  'y.-NF  »  136  Hz). 

The  NF  coupling  constant  is  much  smaller  in  NHjF*  than 
in  NF/,  the  disparity  being  greater  than  in  the  fluoro- 


(32)  Briggs,  I.  M.;  Randall.  E.  W  Mol.  Phys.  1973.  .’6. 699. 

(33)  Duthaler,  R.  O ;  Roberli,  J.  D  J.  Map.  Rrson.  1979.  34,  129. 

(34)  Olah.  G.  A.;  GupU,  B.  G.  B.;  Naranf ,  S.  C.  J.  Am.  Chrm.  Soc.  1979, 
101.  5317. 

(35)  Alei,  M.;  Florin,  A.  E.;  Lilchman,  W.  M.  J.  Am.  Chrm.  Soc.  t970,  92. 
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methanes:  lJCf  is  158  Hz  in  CHjF  compared  with  259  Hz 
for  CF4.  But  the  factors  involved  are  not  simple,  for  the 
fluoromethane  values  peak  at  274  Hz  for  CHFj.  '7^  in 
NHjF*  is  unexpectedly  small  (31  Hz.  cf.  54  Hz  for  NH/) 
since  an  electronegative  substituent  usually  increases  the 
magnitude  of  a  coupling  constant,  regardless  of  sign. 

Our  discussion  so  far  has  been  of  absolute  magnitudes  of 
JNF.  One-bond  l4NF  coupling  constants  are  expected  to  be 
negative1*  (and  the  l5NF  values  positive  because  of  the  negative 
magnetogyric  ratio  of  ,5N),  so  that  the  two-bond  coupling 
constants  in  the  diazenes  are  positive.11 

It  seems  that  the  NH  coupling  constants  increase  with  the 
strength  of  hydrogen  bonding  in  the  medium,  as  does  the 
nitrogen  shielding.  For  NH4  increases  from  (+)50 

Hz  for  chlorides  in  aqueous  HC1  to  52  Hz  for  nitrates  in 
aqueous  HNOj,  and  this  trend  is  continued  by  the  value  of 
54  Hz  that  we  observe  for  {NH4l(AsF6)  in  anhydrous  HF 
(Table  111).  This  increase  is  consistent  with  contraction  of 
the  valence  s  orbitals  increasing  the  Fermi  contact  term,  with 
increase  in  effective  nuclear  charge  as  electron  density  is 
withdrawn  in  hydrogen  bonding. 

Experimental  Section 

The  compounds  were  made  by  published  methods.7'12  The  UN 
spectra  were  measured  with  a  Bruker  WH  400  spectrometer  open  ling 
at  28.9  MHz.  The  solulion  in  anydrous  HF  was  contained  in  a  sealed 
4*mm  FEP  Teflon  lube,  which  was  placed  within  coaxial  5-  and  10-mm 
glass  lubes  with  CDjNO,  between  them  to  serve  as  reference  and 
deuterium  field- frequency  lock.  Susceptibility  effects  are  small,  since 
)he  volume  susceptibility  of  liquid  HF  is  close  to  that  of  MeNO,  The 
INOFjJlAsF*)  measurements  were  made  with  a  Bruker  WP  60 
spectrometer  at  4.33  MHz.  The  natural-abundance  lJNHjP  spectra 
were  measured  on  a  Bruker  WH  180  wide  bore  spectrometer  operating 
at  18.24  MHz,  with  a  sealed  lube  containing  the  CFjSOjH  solulion 
and  a  coaxial  5-mm  lube  containing  CDjNO, 
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APPENDIX  V 

ON  THE  REALITY  OF  POSITIVE  FLUORINE 

K.O.  CHRISTE 

Rocketdyne,  A  Division  of  Rockwell  International, 

Canoga  Park,  Calif.  91304  (U.S.A.) 

SUMMARY 

Recent  experimental  data  are  not  consistent  with  the  postulate  of 
a  positively  polarized  fluorine  for  compounds  such  as  hypof luorites . 

INTRODUCTION 

In  their  recent  paper  on  fluorination  with  positive  fluorine, 
Cartwright  and  Woolf  commented  [1]  on  the  marked  reluctance  by  fluorine 
chemists  to  accept  the  "reality”  of  positive  fluorine.  They  cite  as 
evidence  for  this  reality  the  weakening  of  aromatic  carboxylic  acids  by 
o-  and  p-  fluorine  substitution  and  t  j  CF^O-F  polarity  required  to 
explain  fluorination  reactions.  Whereas  their  first  argument  is  not 
convincing  experimental  proof  for  positively  polarized  fluorine  due  to 
the  complexity  of  the  system  and  the  different  possible  electronic 
effects,  recent  experimental  studies  show  that  in  covalent  hypofluorites 
fluorine  is  not  positively  polarized. 

RESULTS  and  DISCUSSION 

For  example,  the  addition  of  CS-O^OF  to  the  unsymmetrical  olefin 
CF3CF*CF2  produces  687,  of  CF3CF2CF20C£03  and  32%  of  CF  ^CF  (OCIO^CF^. 

The  direction  and  the  nature  of  these  addition  products  suggest  that  the 
O-F  bond  in  C£030F  is  not  strongly  polarized  in  either  direction, 
and  that  the  direction  of  the  addition  is  probably  governed  by  steric 
effects  with  the  bulkier  CF3  group  repelling  the  larger  0Cfc03  group  [2]. 
Similar  results  were  found  for  the  addition  of  CF3OF  to  olefins.  By 
analogy  with  CJtO^OF,  low  stereospecificity  was  observed,  and  the 
direction  of  the  addition  was  again  governed  mainly  by  steric  effects  [3]. 
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Extreme  electronegativities,  i.e ,  electronegativities  larger  than 
that  of  fluorine,  have  previously  been  postulated  not  only  for  the  CF^O- 
and  CiO^O-  groups,  but  also  for  the  TeF^O-  and  SeF^O-  groups  [ A- 6 ] . 
However  recent  multinuclear  nmr  and  Mossbauer  measurements  have  shown 
that  fluorine  is  more  electronegative  than  the  TeF^O-  group  with  the 
latter  having  a  value  of  3.87  on  the  Pauling  scale  (7}.  This  is  also 
supported  by  the  results  from  the  addition  of  TeF^OF  to  olefins  [8]. 
which  are  analogous  to  those  obtained  for  CdO^OF  and  CF^OF. 

Since  fluorine  is  the  most  electronegative  element  it  appears 
logical  that  the  addition  of  fluorine  to  a  central  atom  of  lower 
electronegativity  cannot  result  in  a  group  which  has  a  group  electro¬ 
negativity  higher  than  that  of  fluorine  itself.  In  the  extreme  case, 
the  addition  of  an  infinite  number  of  fluorines  to  a  highly  electro¬ 
negative  element  might  produce  a  group  with  an  electronegativity 
assymptotically  approaching  that  of  fluorine.  In  the  absence  of 
convincing  experimental  data  in  favor  of  a  positively  polarized 
fluorine  and  in  view  of  the  existing  experimental  data  to  the  contrary 
(2,3,7,83,  the  postulate  of  a  positively  polarized  fluorine  should  be 
labeled  ’misconception'  rather  than  ’reality’. 
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POSITIVE  FLUORINE-REALITY  OR  MISCONCEPTION? 

K.  0.  CHRISTE 

Rocketdyne,  A  Division  of  Rockwell  International, 

Canoga  Park,  Calif.  91304  (U.S.A.) 

SUMMARY 

Polar  covalence  theory  arguments  are  presented  against  the 
existence  of  a  permanent  positive  polarization  of  fluorine  In 
heteronuclear  X-F  molecules  and  against  the  existence  of  X  groups 
having  a  higher  electronegativity  than  fluorine  Itself.  The 
heterolytic  fission  of  fluorine  and  the  possibility  of  Inducing 
a  positive  fluorine  dipole  in  X-F  molecules  with  highly  electro¬ 
negative  X  groups  are  briefly  discussed. 

INTRODUCTION 

Fluorination  reactions  with  highly  electronegative  compounds  are 
frequently  explained  by  invoking  a  positive  fluorine.  In  a  recent 
note  [1],  this  author  took  exception  to  the  postulate  of  positive 
fluorine  by  criticizing  a  recent  paper  of  Cartwright  and  Woolf  on 
this  subject  [2].  In  the  preceeding  paper  [3],  the  same  authors 
(C+W)  summarized  some  arguments  in  favor  of  positive  fluorine.  Since' 
the  issue  of  a  positive  fluorine  is  largely  a  conceptual  problem  and 
is  not  readily  accessible  to  direct  experimental  measurements,  a 
speculative  Interpretation  of  the  mechanism  of  poorly  studied  complex 
organic  reactions  has  little  merit.  A  systematic  analysis  of  this 
problem  therefore  appeared  more  rewarding  and  Is  given  below. 
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DISCUSSION 


Definition  c?  a  PnslM^  n 


uorine. 


den.it  TU1Ve  ?°r1ne  U  the  reSUlt  0f  a  transfer  of  electron 

polar  Lai  Lee  1'^  L  '***  '  t0  X  reSU’U"9  1n  the 

polar  covalence  X-F,  where  XF  can  be  either  heteronuclear  lx  u 

fr°m  F>  -  <* e,Ua,s  f,  ,f  xf  is  h0j:r:v:  ; ,r 

cannot  have  a  Permanent  bet  only  an  induced  dipole.  If  XF  is  hetero- 
noclear  one  can  have  both  a  percent  and  an  induced  dipole.  ^  should 

1  bV  T  d1P0’e  ,S  r0t  identUa1  “1th  the  experimental  \y 
measurable  overall  dipole  moment  of  the  XF  molecule  due  to  other 

factors  such  as  lone  valence  electron  pair  effects. 

Definition  of  the  Problem. 


r 


The  ’ssue  raised  b>  us  ip  our  previous  critique  [11  was  that  the  „  < 
no  experimental  and  theoretical  justification  for  the  assumption  of  a" 
permament  X-F  polarity  in  a  heteronuclear  xf  molecule.  TherL  e  u  less 
stated  otherwise,  the  following  arguments  win  be  referring  to  this 

Theoretical  Arguments. 

The  assumption  of  a  permanent  positive  fluorine  dipole  In  a  hetero 

whichLas  first  TblThL^6  Pr<"Clple  °f  e1ectr0"e9it,v^  equalization 

on  51  ^  5anderS°n  C4]  a"d  pro,eP  correct  by 

PU  turn  mec  anics  in  1978  by  Parr  and  coders  [5]  and  in  ,979  by 

Pol itzer  and  Weinstein  [6],  This  principle  states  that  when  two  or  more 

oms  unite  to  form  a  compound,  thei-  electronegativities  become  adjusted 

same  Intermediate  value  within  the  expound.  In  other  words  the 
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dlfferent  kinds  of  atoms  become  equal  In  electronegativity  by  unequal 
sharing  of  the  bonding  electrons.  This  means  that  the  more  electro¬ 
negative  atom  must  acquire  a  negative  charge  and  the  less  electro¬ 
negative  atom  a  positive  charge.  Since  fluorine  Is  without  doubt  the 
most  electronegative  element,  a  heteroatomlc  X-F  bond  can  be  permanently 
polarized  in  only  one  direction,  1  e.  X-F.  This  principle  also  rules 
out  the  possibility  that  X  groups,  such  as  CF^O-,  SeF50-,  or  TeF^O-, 
which  consist  of  fluorine  substituted  heteroatoms  of  lower  electro¬ 
negativity  can  become  more  electronegative  than  fluorine  Itself  [1,7-10]. 

Experimental  Arguments. 

Electrophilic  substitution  reactions  are  not  a  convincing  argument 
In  favor  of  a  positive  fluorine.  First  of  all,  the  mechanisms  of  most  of 
these  complex  reactions  have  not  been  established.  Secondly,  In  these 
reactions  a  strong  electrophile  attacks  an  electron  rich  center,  and  the 
polarity  of  the  bonds  within  the  electrophile  is  of  lesser  Importance 
than  other  factors.  In  NF^+,  for  example,  the  nitrogen  atom  Is  coordi- 
natively  saturated.  Consequently,  NF4+  can  attack  an  electron  rich 
center  only  through  one  of  its  fluorine  ligands  but  not  through  Its 
nitrogen  atom.  The  fact  that  NF4+  can  undergo  electrophilic  substitution 
reactions  Is  therefore  no  indication  for  a  positively  polarized  fluorine. 

On  the  other  hand,  addition  reactions  in  which  a  polar  X-F  molecule 
is  added  across  a  polar  double  bond,  are  capable  of  yielding  information 
about  the  polarity  of  the  X-F  bond.  Several  such  studies  have  recently 
been  carried  out  using  Cl 030F[1 1  ] JeF^OF.  and  CF3OF[12]  and  did  not  provide 
any  evidence  for  a  positive  fluo^ne  in  these  hypo  fluorites . 

One  piece  of  experimental  evidence  for  positive  fluorine,  cited  by 
(C+W)  Is  the  selective  substitution  at  acidic  hydrogens, 

+  H?°  +  _ 
e.g.  Na  CH(N02)2"  ♦  - - — ►  Na  F  +  FCH(N02)2 


w-3 


mL 
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■»*  M  "»U1».  fluorine.  The 

s  conclusion  can  easily  be  demonstrated  by  the  following  analogous 
equation  which  would  prove  that  the  fluorine  In  HF  must  be  positive. 

11 V  +  F. 


Ijjjjced^golar^ization  and  Heterclytic  Fissinr,  of  Fluorine. 

with  rr  0UP  "I31"1  CHtiqUe  °f  the  PaP6r  b*  (C+W)  «*  only  concerned 

er  1  eTI  ?  3  *F  -lecule,  the  proceeding 

paper  [3]  requires  some  comment  on  the  heterolytic  fission  of  fluorine  ,f 

c  :?C;  eS  *  b6C0meS  n°re  and  electronegative  and  eventually 
b  co  es  F  e  energy  required  to  induce  a  dipole  moment  decreases  and 
th e  pos  lb  Uty  of  forming  an  1nduced  PosU1ye  fluorfne  dfpole  1ncreases 

Although  the  formation  of  Nr  AsF  AM-1<rian  *  , 

the  heterolytic  fission  of  F.\  6  9  *  C’3]  t0  1'"VoU'e 


n 


NFd  ASF  ■ 


subsequent  studies  [14-16]  have  shown  that  the  mechanism  of  this  reaction 
5  BOr;  comp  lca ted .^requires  predissociation  of  F,.  and  involves  the 
formation  of  the  NF^  radical  cation  as  an  intermediate.  However,  if 

"he  ard  UW1S  baSe  NF3  replaced  by  the  soft  base  Xe.  the  following 
reaction  proceeds  spontaneously  even  in  the  dark  [17], 


Xe  +  F  —  F  +  SbFr 


XeF  SbFc' 


.  lt .1S  llke]y  that  th's  react10n  Is  a  rare  example  of  an  actual  hetero- 

induced  rni°^  nU°rine  3nd  thKref°re  1n¥°1VeS  3  L6W1S  add  -  ^  base 
induced  polarization  of  fluorine.  However,  the  possible  existence  of  such 
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a  reaction  for  homonuclear  difluorlne  has  no  bearing  on  the  formation 
of  a  permanent  positive  fluorine  In  the  heteronuclear  XF  molecules 
discussed  above. 
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OXYTETRAFLUOROHYPOFLUORITE  AND  A 
PROCESS  FOR  PREPARING  THE  SAME 

The  Government  has  right*  in  this  invention  pursuant 
to  Contract  (or  grant)  NOOOM-79-COP6  awarded  by 
the  U  S.  Department  of  the  Navy. 

BACKGROUND  OF  THE  INVENTION 

I.  Field  of  the  Invention 

Thu  invention  relate*  to  fluonnating  agent*  and. 
more  apectfictlly.  to  iodine  (V||)  oxytetrafluorohvpo- 
fluonte  and  the  proce**  for  it*  preparation 

2  Description  of  the  Prior  An 

The  number  of  element*  know  n  to  form  subie  hypo* 
fluorite*  i*  very  iimited  They  are  known  only  for  car¬ 
bon.  nitrogen,  sulfur,  selenium,  fluorine,  and  chlorine 
containing  compounds  In  addition,  the  unstable  hypo* 
fluorous  acid.  HOF.  has  been  prepared  However,  no 
iodine  hypofluente*  had  been  known  prior  to  this  in¬ 
vention 

Inorganic  hypofluente*  are  generally  prepared  by 
the  alkali  metal  fluoride  catalyzed  fluonnation  of  the 
concspcndmg  oxyfluendes  bv  elemental  fluorine  (Lus- 
tig  and  Shreeve.  Advances  in  Fluorine  Chemistry.  Vol 
7.  pages  1 75-198.  )9’3»  In  the  cast  of  iodine  com¬ 
pounds.  this  method  doe*  not  lead  to  the  formation  of 
iodine  hvpoflucntev  as  demonvirated  by  extensive  ex¬ 
periments  in  the  inventors'  laboratory 

Recent  work  in  the  inventors'  laboratory  ha'  resulted 
in  an  alternate  synthetic  methv*d  for  the  hypofluonto. 
FOClO:  and  FObO;F  It  uas  found  that  the 
NFa'ClCV  and  NFj-SO  F*  salts,  which  were  >nO* 
laied  from  a  metathetical  reaciion  of  SFabbFr  with 
C'CIO;  or  CsSO.F  ;n  anhydrou'  HF  solution,  on  ther- 
ma!  decomposition  yield  the  corresponding  hypofluor- 
ties  FOCiO.  and  FObO;F  Howevei.  application  of 
tht*  approach  to  CslC*  failed  because  CslOa  interacts 
with  HF  to  gwe  fluonnated  pioducts.  as  dcmonviraied 
by  Selig  and  cowerkers  Journal  Inorganu  Nuclear 
Chemistry.  Supplement.  **1.  !•*>>  Furthermore,  it  was 
shown  by  the  inventors  :hai  CS-IF4O;-.  when  dis- 
solved  in  anhyd'ous  HF  undergoes  solvolysi*  to  pro¬ 
duce  Cr  HF;  *  and  HOIFaO 

SUMMARY  OF  THE  INVENTION 

Accordingly,  there  is  provided  by  the  present  in  sen- 
non  iodine  (VI I)  oxyteirafluorohypofluonte  (FOIFaOt 
and  a  process  for  preparing  the  same  The  interaction  of 
CsIFaO;  with  NFaSbFf.  in  anhydrous  HF  results  in 
solutions  containing  NF4" .  HF;  .  and  HOIFAO  On 
standing  or  when  pumped  to  dryness,  these  mixtures 
decompose  to  yield  NFj  and  the  new  compound 
F0IF«O  in  high  yield  The  latter  compound  is  the  first 
know  n  example  of  an  iodine  hypofluonte 

OBJECTS  OF  THE  INVENTION* 

Therefore,  it  is  an  object  of  the  invention  to  provide 
a  fluonnating  agent 

Another  object  of  the  invention  is  to  provide  a  htgh- 
density  oxidizer  for  pyrotechnics 

Yei  another  object  of  the  present  invention  is  to  pro¬ 
vide  a  compound  capable  of  introducing  fluorine  into 
drugs 

A  further  object  of  the  present  invention  is  to  provide 
a  process  for  preparing  iodine  hypofluonte* 
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Other  objects,  advantages,  and  novel  features  of  the 
present  invention  will  become  apparent  from  the  fol¬ 
lowing  detailed  description. 

5  DESCRIPTION  OF  THE  PREFERRED 
EMBODIMENTS 

In  view  of  the  previous  an,  it  appeared  very  unlikely 
that  any  iodine  hypofluonte*  could  be  prepared  Direct 
fluonnation*  with  elemental  fluonne  do  not  produce 
hypofluontev  metathetical  reactions  of  104'  in  anhy¬ 
drous  HF  are  impossible  because  lOa"  chemically  re¬ 
acts  with  HF  to  give  other  products,  and  the  sy  nthesis 
of  an  NF4-IF4O2-  salt  was  not  possible  due  to  the 
solsolysis  of  IF4O;-  to  give  HOIF4O 

Surprisingly,  it  was  now  found  thai  the  product  from 
a  low -temperature  metathetical  reaction  between 
NFvSbF„and  Cs!F40;  in  anhydrous  HF  solution,  when 
warmed  to  ambient  temperature,  produces  an  iodine 
20  hypofluonte  in  high  yield  The  first  step  of  this  reaction 
involved  the  following  reaction 


NF*st>r,  -  cor.o.  — !*——■> 
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C»Sf.Fe 


HOIt  4O  -  ''FiHF; 


The  CsSbFf  precipitate  could  be  easily  filtered  off 
-*V  C  and  Raman  and  F  NMR  *pectos:op*  of  the 
W  filtrate  showed  the  presence  of  NF4*  and  HOIFjO 
with  no  evidence  for  the  IF4O;-  amen  Thi-  is  in  agrev 
me.it  with  thi  above  results  for  CsIFaO;  which  demon 
strated  ’.hut  MIFaC;  salts  undergo  solvolysis  :n  anhy- 
drous  HF  according  to 

sm/\-:Ht  — mhf;  •  ho:f.«  • 

Raman  ar.d  F  NMR  ‘pecta  showed  that  these  NTxHF;* 
^  HOIFaO  containing  HF  solutions  arc  unstable  ai  room 
temperature  and  ‘lowly  decompose  to  NF;.  and  2  new 
compound  identified  as  a  mixture  of  ci‘  and  trails 
FOIFaO 
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At  the  same  time,  the  relative  intensities  of  the  NF4' 
ami  HOIFaO  signals  decreased  accordingly  When  the 
HF  solvent  was  pumped  off  ai  -  jO'  C  from  a  freshly- 
prepared  NFaHF^HOIFaO  solution,  a  white  solid  resi- 
jj  due  was  obtained  The  low -temperature  Raman  spec¬ 
trum  of  this  solid  showed  the  presence  of  the  NTa* 
cation,  but  the  remaining  bands  were  too  broad  to  per¬ 
mit  a  positive  distinction  between  IF4O;-.  HOIFaO 
anil  possibly  some  HF;~.nHF.  The  new  compound 
A)  FOIF4O  was  obtained  in  high  yield  by  decomposing  at 
room  temperature  this  thermally  unstable  solid,  with 
the  by-product  being  NF;.  Since  the  same  products 
were  obtained  from  HF  solutions  which,  based  on  their 
F  NMR  and  Raman  spectra,  conmned  only  HOIF4O 
65  but  not  IFaO;-,  it  appears  thai  FOIF4O  is  formed  by 
fluonnaiion  of  HOIF4O  by  either  NF*'  or  nascent 
fluonne  formed  during  the  thermal  decomposmon  of 
the  marginally  stable  NF4*HF;~.nHF 


X-2 


4,329,330 
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By  May  of  example  and  not  limitation,  the  following 
synthesis  of  FOIF4O  is  given.  In  a  typical  experiment, 
CSIF4O2  (5  0  mmol)  and  NF4SbF6  <5.0  mmol)  were 
placed  in  a  Teflon-FEP  metathesis  apparatus  and  anhy- 
drous  HF  (5  ml  liquid)  was  condensed  in  at  -7S‘  C.  5 
The  mixture  was  stirred  for  one  hour  at  room  tempera¬ 
ture  The  apparatus  was  cooled  to  -78*  C.  inverted 
and  the  white  precipitate  was  separated  from  the  solu¬ 
tion  by  pressure  filtration.  Most  of  the  HF  solvent  was 
pumped  off  over  several  hours  at  temperatures  ranging  to 
from  -  64*  to  -  30*  C  The  resulting  w  hue  solid  residue 
was  allowed  to  decompose  during  slow  warm-up  from 
—  30*  C.  to  ambient.  The  volatile  products  were  passed 
through  a  Teflon  U-trap  containing  passivated  NnF 
pellets,  followed  by  a  senes  of  cold  traps  kept  at  -  78*,  15 
-95*.  -112*  and  -210*  C.  The  -89*  C  trap  con- 
tamed  a  small  amount  of  unidentified  matenal  which 
was  discarded,  the  -95*  C  fraction  consisted  of  pure 
FOIF4O  <2.36  mmol),  ihe  -  1 12'  C.  trap  had  1.69  mmol 
of  FOIF4O  containing  a  small  amount  of  IF<0  as  impu-  20 
rily,  and  the  contents  of  the  -  210*  C.  trap  consisted  of 
NFi<4  0  mmol).  A  small  amount  of  white  solid  residue, 
which  was  left  behind  after  the  thermal  decomposition 
of  the  filtrate  was  shown  by  vibrational  spectroscopy 
to  consist  mainly  of  trans-CslFaOj  The  filter  cake  (1.8  2! 
g)  was  identified  by  Raman  spectroscopy  as  CsSbF*. 
The  —95'  C  fraction  was  used  for  the  characterization 
of  HOIF4O  and  was  shown  by  vibrational  and  F  NMR 
analysis  to  be  free  of  IFvO 

For  the  elemental  analysis.  276 .7  mg  of  the  material  30 
was  condensed  at  -  196*  C.  into  an  ampule  containing 
12  ml  of  frozen  I  N  NaOH  The  mixture  was  w  armed  to 
ambient  temperature  for  twelve  hours  and  then  ana¬ 
lyzed  for  total  iodine  by  energy  dispersive  X-ray  fluo¬ 
rescence  spectrometry,  for  IO4  by  icdomeiric  ntra*  35 
tion,  for  base  consumption  by  back  titration  with  0  1  N 
HC1  using  a  pH  electrode  and  for  fluoride  by  titration 
using  La(NOih  and  an  anion  specific  ion  electrode. 
Anal  ealed  fot  FOIF4O  1.  49.98;  F.  37.42.  OH  -  con¬ 
sumed.  6  0  equiv/mol.  lodometric  titration.  8  0  equiv/-  40 
mol.  assuming  the  following  hydrolysis  reaction; 

RHt/l-MIH  —U);  SF  Ml  MMfi*  3H;0 

Found- 1.  50.0.  F.  36.0.  OH"  consumed.  6.1  equiv/mol,  45 
iodometric  titration.  7  8  equtv/mol 

Obviously,  many  modifications  and  variations  of  the 
present  invention  are  possible  in  light  of  the  above 
teachings.  It  is  therefore  to  be  understood  that,  within 
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the  scope  of  the  appended  claims,  the  invention  may  be 
practiced  otherwise  than  as  specifically  described. 

What  is  claimed  and  desired  to  be  secured  by  Letters 
Patent  of  the  United  Stiles  is. 

1.  A  compound  having  an  empirical  formula  which 
consists  essentially  of  FOIF4O. 

2.  A  compound  having  an  empirical  formula  of 
FOlFiO  which  comprises  a  stereo-isomer  selected  from 
the  group  consisting  of 

o 

F-°^y 

F 

it 

and 


F^I^F 

O-F 

trim 

and  mixtures  thereof. 

3.  The  compound  of  claim  2  w  herein  one  stereo-iso¬ 
mer  has  the  cis  structural  formi'la  compnsing 

o 

F-O^F 


4  The  compound  of  claim  2  w  herein  a  second  stereo¬ 
isomer  has  the  trans  structural  formula  comp/.sing 

o 

F^y 


3  A  process  for  preparing  FOIF4O.  comprising  the 
steps  of: 

metathetically  reacting  solutions  of  NFxSbFt,  and 
QIF4O2  in  anhydrous  HF; 
removing  the  CsSbF*  precipitate  and  HF  solvent;  and 
thermally  decomposing  the  filtrate  residue. 

•  *  •  •  • 
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[57]  ABSTRACT 

The  peroxonium  salts,  HjCh*Sb:Fu~,  H)Oj*SbFft 
and  HjO:4AsF6  .  are  prepared  by  protonation  of 
H2O2  in  anhydrous  HF  solutions  of  the  corresponding 
Lewis  acids.  The  salts  decompose  producing  the  corre¬ 
sponding  H)0‘  salts  andO^in  the  temperature  range  of 
from  20*  to  50*  C.  and  thus  are  useful  as  oxidizers'  in 
situations  where  the  production  of  oxygen  in  the 
20*-50*  C.  temperature  range  is  desirable.  The  salts  also 
provide  a  convenient  means  for  storing  HjOj  in  a  solid 
form. 

3  Claim*,  No  Drawings 
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PI-  KOXONIl'M  SAl  IS 

HACM.KOI  Sl>  Ol*  I  III  INVI  NHON 

I  I  icld  "1  i he  invention 

I  l.i%  iiiv  cm  ion  relates  to  porovomuin  salts  Jiui  Jo 
method  lor  their  preparation. 

'  Description  of  the  Trior  Ait 

Materials  which  will  produce  O*  at  relatively  low 
temperature'  arc  in  demand  l  or  example,  vuch  a  mate¬ 
rial  could  he  uvd  to  produce  oxygen  for  uv  in  manned 
sp.K e  vehicle'  and  the  like  simply  hy  placing  a  quantity 
of  the  material  in  a  hcaiahle  container  and  heating  the 
material  when  oxygen  production  wa'  devired 

ll;0.‘  i'  a  veiy  useful  priniucer  of  molecular  ovvgcn 
For  example,  it  i»  lived  to  generate  excited  oxygen  for 
uv  in  chemical  lasers  Also.  it  tv  used  ax  a  monopropel¬ 
lant  m  liquid  rockci  engines.  However,  it  has  a  draw 
hack  in  that  it  iv  difficult  to  handle.  It  readily  undergoes 
auto-. ataly tie  decomposition.  Accordingly,  it  would  he 
convenient  if  this  material  could  he  stored  in  a  stahlc  salt 
foi  111 

SUMMARY  OF  THK  INVENTION 

According  to  this  invention,  the  ftrvi  known  perox- 
oninm  salts  arc  prepared.  The  sallv  arc  II  iO;  *  ShFu  . 
HiO:‘ShFt  and  HiO**AsF«,  The  salts  are  pre 
pared  hy  protonation  of  HyO*  tn  anhydrous  HF  solu- 
lions  of  the  corresponding  lew  is  acids.  Hie  salts  may 
he  used  to  produce  oxygen  hy  heating  them  to  a  temper¬ 
ature  in  the  range  of  from  20*  to  50*  C  whereupon  they 
decompose  producing  ihe  corresponding  II iO*  salts 
and  Oj.  The  salts  alv  provide  a  convenient  mrans  for 
storing  HyO*  in  a  solid  form. 

DESCRIPTION  OF  THE  PREFER  RF’D 
EMBODIMENTS 

The  following  specific  examples  describe  the  prepa¬ 
ration  of  the  three  pcroxonnim  salts  of  this  invention 

EXAMPI  E  1 

PREPARATION  OF  IhOy  •  AvI  „ 

The  l.ewis  acid.  AsFi  (15.39  mmol)  and  anhydrous 
HF  (50.7b  mmol)  were  eomhined  at  196*  C.  in  a  pas¬ 
sivated  Tvfion-FEP  ampule  equipped  with  a  v  alve.  The 
mixture  was  allowed  to  melt  and  homogenize.  The 
ampule  wav  then  laken  to  a  drybox  and  H;();  of  99.95^ 
purtly  (15.29  mmol)  was  syringed  in  at  -  1%*  C.  The 
ampule  was  then  transferred  hack  to  the  vacuum  line 
and  evacuated  at  -  196*  C.  It  was  ihcn  kept  at  78*  C. 
for  2  days  lo  allow  reaction.  Aflcr  this  period,  no  evi¬ 
dence  was  found  for  material  noncondenvible  at  —  1 96' 
C..  i.e..  there  was  no  evidence  of  O?  evolution.  The 
mixture  was  then  (after  2  days)  wurmed  to  -  45*  C.  and 
a  clear  solution  resulted.  Material  volatile  at  -45*  C 
was  removed  by  pumping  for  10  hours  and  was  col¬ 
lected  at  —  196*  C.  A  while  solid  residue  resulted  w  hich 
was  marginal  stahility  at  ambient  temperature.  On  the 
basis  of  the  observed  material  balarn  :  (weight  of  15  29 
mmol  HiO;  *  AnF*  calculated:  3.423  g;  found:  3.47  g) 
the  conversion  of  HjO’  lo  HjO*  ♦  AvFft  was  complete 
within  experimental  error.  The  compound  was  shown 
by  infrared  and  Raman  spectroscopy  to  contain  the 
HiO? 4  cation  and  the  AsF*-  anion. 

EXAMPLE  II 

PREPARATION  OF  H:,02*ShF6- 

Aniimony  pentafluoridc  (27.96  mmol)  was  added  in  a 
drybox  to  a  passivated  Teflon  FEP  L'-tube  equipped 
with  two  valves  and  a  Teflon-coated  magnetic  stirring 
bar.  Anhydrous  HF  (522.9  mmol)  was  added  on  the 
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v .icuum  Inti  at  t‘»h  i' .  and  ihe  mixiuic  was  liomogc- 
m/ed  by  Mining  ,u  2t>  C  In  the  diyttov.  hydiogeti 
pci o vide  t2"  mmol)  wav  syuuged  into  the  (  -mbc  at 

’f>  (  I  lie  1 1 'hi  lube  vsav  iiaiisIcneJ  bask  to  the 
v  vacuum  line  and  vs  js  ev.K  ualcJ  Ills  tubs  vv  a-  warmed 
from  1 9(i'  (.'  to  "8’  ('  tor  1  hmn  wiili  agitation 
winch  resulied  in  I  he  foiinatinii  of  a  finely  divided 
while  solid.  suspended  in  the  liquid  HF  When  llie  mix- 
luie  was  warmcil  to  20‘  C  ihe  white  solid  completely 
){1  dissolved.  No  gas  evolution  wav  observed  during  the 
enlire  warm-up  operation,  and  no  iioucondcnsablc  ma¬ 
terial  could  be  detected  when  ihe  mixture  wav  cooled 
again  to  196'  C  The  HI-  solvent  was  pumped  :fF  at 
-22'  C.  for  3  hours  resulting  in  7  566  g  of  a  white  solid 
(a  eight  calculated  for  27.96  mmol  of 
Hit); '  Shi  „  7  570  g).  viable  ai  20'  C  Tlie  com¬ 

pound  was  shown  by  vibrational  spectroscopy  lo  be 
composed  of  H iO*  *  cations  and  ShEt-  anions  Add*- 
nonal  support  for  the  eomposttion  of  die  prinluct  was 
obtained  by  allowing  a  sample  of  II >Oy  '  Sbl>  lothcr- 
mails  decompose  at  about  45'  C  This  decomposition 
produced  (>i  and  the  known  IL.OSbl',,  salt  in  almost 
quantitative  yield. 

EX  AM  PI  I-  III 

25  PREPARATION  OF  Ih  O;  •  Sh.*Fu 

The  synlhesiv  of  this  compound  wav  carried  out  in  a 
manner  identical  with  that  described  above  for  ihe 
preparation  of  II  iO*  4  ShFb  .  except  for  using  an  excess 
of  Sbl-'y  Thus,  the  combination  of  ShF*  (14.83  mmol). 
HF  (4()7  n>mol>.  and  H:();(b.RJ  mmol)  produced  3.581 
g  of  a  white  wild  (weight  ealculaied  for  6.83  mmol  of 
II  i<) •  *  Sbl>  I  1 7Shl- s  3  581  g).  vtahlc  up  to  about 
50*  C.  The  compound  was  shown  hy  vibrational  and 
NMR  spectroscopy  to  contain  the  IHOy4  cation  and 
SbjFn  as  the  principal  amon. 

A II  of  the  abov  c  peroxomum  vdtx  decompose  to  form 
(>;  and  the  corresponding  II  iO 4  salts  at  ienipi‘ratures  in 
the  range  of  from  20'  to  50'  C.  Thus,  io  use  the  sails  of 
this  invention  to  produce  ();  one  may  heal  them  to  a 
40  temperature  with  the  stated  range 

Av  has  been  indicated  above,  the  salts  of  this  inven¬ 
tion  also  provide  a  means  for  storing  11*0;  in  a  solid 
form 

What  is  claimed  is: 

45  1.  A  pero.xonium  salt  having  the  formula  IliOy 4  X 

wherein  X  is  selected  front  the  group  of  amons  hav¬ 
ing  the  formulas  SbFb  and  A'FY  . 

2.  A  meihod  for  preparing  a  solid  salt  having  the 
formula  HjOpX  wherein  X  is  selected  from  the 

50  group  consisting  of  SbFb  .  said  method  comprising  the 
steps  of 

A.  dissolving  a  Lewis  acid  selected  from  the  group 
consistinu  of  AsFv  and  ShFv  in  anhydrous  HF  to 
form  a  solution; 

55  B.  adding  HyO*  in  an  amount  equimolar  to  lhat  of  said 
Lewis  acid  to  the  solution  lo  form  a  reaction  mix¬ 
ture;  and 

C.  allowing  the  mixture  lo  react  to  form  a  solid  sail. 

3.  A  method  for  preparing  a  salt  containing  H.iOy  * 
cations  and  SbyFi  t  anions,  said  method  comprising  the 
steps  of: 

A.  dissolving  SbFv  in  anhydrous  HF  to  form  a  solu¬ 
tion: 

B.  adding  HyO?  lo  said  solution  to  form  a  reaction 
mixture,  said  H1O2  being  added  in  an  amount  cal- 
eulated  to  provide  an  excess  of  ShFj  in  said  reac¬ 
tion  mixture;  and 

C.  allowing  the  mixture  to  read. 

•  *  •  •  • 
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[57)  ABSTRACT 

An  improved  NF*4  cxxnpontx*  for  tobd  propellant 
NFj-Fj  fas  generators  mud  high  detonaben  pressure 
eipkmvca  it  described  which  combine*  high  oxidizer 
coolest  with  food  thermal  nabsbty.  The  novel  compo¬ 
sition  has  the  formula  (NF^MnF*.  and  a  process  for  ns 
prodoetsoe  is  disclosed 

1  Qaias,  Na  DrsvlafS 
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STAB  LX  SFr  SALT  OF  HIGH  FLUORINE 
CONTENT 

DEDICATORY  CLAUSE  5 

The  invention  described  bereiri  wu  made  in  the 
course  of  or  under  a  cootram  or  subcontract  User  runder 
with  the  Government,  therefore,  the  invert  tioe  de¬ 
scribed  herein  mi)  be  manufactured,  used,  or  bccnaed  |o 
by  or  for  the  Government  for  governmental  purposes 
without  the  payment  to  u>  of  any  royalties  thereaa- 

BACKGROUND  OF  THE  INVENTION 

1  Field  of  the  Invention  J} 

Thn  usvtBOor  relates  to  a  cocposrboc  of  matter  and 

a  method  of  producing  the  use  and  a  particularly 
directed  to  improved  *ol*d  propclbnt  NF>-F;  gas  fen 
craters  and  high  dctonauoc  pressure  explosives 

2  Docrtptioe  of  Prior  Art  y, 

NFi*  aalu  arc  the  key  ttgredienu  fee  aolxj  propel¬ 
lant  NFy — F;  fai  generators,  ai  thews  by  D  PJrpovsch 

is  U-S  Pal-  No  3.963,542.  Tbeac  propellanti  conxsS  of 
a  high!)  ovcr-cxsdiied  grab  senj  NF«  *  aahi  as  the 
oxidizer  Burning  theac  puoptllafiu  uith  a  imal’  amount 
of  fuel  such  at  aluminum,  pettier  generates  aufficseni 
heat  to  tbermilH  diaicoau  the  bull  of  the  oitdixcr 
Tan  *»  ihowu  m  NF4BF4  it  the  following  equation 

KF^BFr-Vf  ^ 

Ai  car  he  acer  front  the  equaiicr  the  gaaeran  coobus 
tx.n  p'oducti  contain  the  volatile  le-wn  acid  BF>  Thn 
dreidva— j£j  of  a  volatile  Lew's  aod  by-product  ■ 
shared  by  many  c'  the  previous' \  xnowt  NF«*  conp> 
anicmi  These  volatile  Lews  acsdi  poaseaj  a  reiatnely  *' 
high -molecular  weigh;  and  a  1cm  y  value  (y«Q»'C,l 
relative  to  the  preferred  diluent  helium  and  frequently 
act  as  a  deactivaicrr  for  the  chemical  HF-DF  Laser  Coo- 
aequently.  these  volatile  Louts  acadi  mu*:  be  removed 
from  the  generated  f*s  poor  to  ita  aae  a  ar  effiaen:  ** 
chemical  laser  Based  c*  the  Kale  of  the  art  thn  a 
achieved  by  adding  a  dmker  forming  agent,  inch  as 
ILF,  to  the  aobd  propel ian'  formulation  The  functane  of 
this  additive  aerves  to  convert  the  volatile  Lrwu  aod. 
such  w  BF>,  to  a  nom  volatile  tali  as  ahowt  by  the  fol-  5 
lowing  equation 

*-F*  BFj-OLBF* 

Ir  addition.  •everaJ  NT#"*  oomposnioni  are  known  3C 
which  are  based  on  iclf-clmkcnng  NF4*  »a)tx  u  thown 
by  K  O  Christ*  ert  al  tn  U  S  Pat.  No  4,172,884  The 
theoretical  fluorine  yields  achievable  with  the  presently 
known  NFa*  aaJtx  are  aummaruxd  b  Table  I. 

_ TABLE  I _ 35 

TWrrUca.1  Fluorw  Yields  (»  the  tom,  d  NFj  nd  Fjl  cT 
Kjww«  WF,*  Sihi  Bcfcvt  Fu.-T.mf 


TABLE  konmurd 

ISnl tics'  Flufvwr  Y«i4»  (r  t>v  (orrr  at  S>j  Fjl  of 
Brrscgll;  tsHi  KT t *  Bwmir.f 

TMLoamCAL  F. 

*A*K  SYSTEM  W7  FFBCENT 

It  KF*BiF*  1 J  KF  t*t 


THEOItmCAI  I 
PFJiCEXT 


(VF^K^I 

(KF4bW=* 
(KF*>-triF*.2  4HF 
HF*BF«  10KF 
CKT*>tO*F*.2  4XF 
NF*5oFj 
NT  «FF  k  I OXJ 
1XKF 
nf*ajF*  r.Kf 
KF*SbFkt  2UF 


As  can  be  peer,  from  Tabic  1,  the  •elf-clinkcring 
(NT*hNiF*  »ali  fi>c*  by  far  the  bigheat  fluorine  yield. 
Unfortunately  ,  the  thermal  stability  of  (VFahNiFsfSee. 
K.  O  Chmic.  loorg  Chem  Ih  2231, 1977)  is  insufTicient 
to  pass  the  lequbements  of  kmg  tertr  cabOity  teats. 

Another  potential  applscatxrc  for  energetic  NT« 4 
sahi  o  their  use  m  high  det.onation  pressure  explosives 
as  ducloaed  b  a  recently  wued  patent  titled  “High 
Dcuxsar*.jc  FVeaurc  Explosives",  (for  additional  mfor* 
fcCKT.  »e«  U.S  P*i  No  4JXT7, 124  dated  Jur<  KX  19S0, 
by  Kari  O  Chnsie,  one  of  the  co- in  vendors  of  the  m- 

atar/.  tn  vent**). 

Ague,  the  mas;  energetic  NF4-*  salt,  t-t-  (NF4>;NiFa. 
has  the  mayor  drawback  of  msufFwoenl  thermal  stability 
to  meet  locg  imrr  Korability  requirementa 

The  ah>cvc  duousskre  dervotistrates  that  the  prior  art 
provided  either  a  high  pierforming  NF4  *  tali  of  msufTL 
cam.  tJiensial  uabihty  or  kr»  pierfonring  NF4  *  aalu  of 
inform  therndil  Kabiltry  Hosk-rver,  an  NF4*  aah 
enmbe-ung  both  high  energy  and  gt>od  thenraJ  atabilrry 
has  prcvvxrdy  bed  uck.nrmx 

AccrvdmgN.  n  a  atf'  object  of  the  prrsen:  bventsoc 
to  pirvsde  a  high  performing  NF«^  tab  of  a  th>crmal 
cabili'y  lufTKicn;  to  mer.  lor.g  icrcr  itahility  require' 
menu 

Another  object  of  the  prseni  irvemsor  u  to  provvjf 
a  p-,x«ss  frr  the  production  or  such  a  high  performing 

liable  NT 4  *  aalt 

These  and  other  objecu  and  featurr»  of  the  piesent 
tnvcotxr.  will  be  apparent  from  the  examples  act  forth 
hernr.belo*  It  is  underwood,  hcni'rvcr.  thal  these  ex- 
arrpiea  art  mereiy  tHustrativT  of  the  bventsoc  and 
•hocid  t»o<  be  cocasderrd  as  huntuig  the  tr^’entioc  tn  any 
aecac 

BRIEF  SUMMARY  OF  THE  INVENTION 

The  above  desenbed  piroblctc  of  obtaining  an  NFs-* 
sal:  »'hsch  combines  both  high  energy  and  grood  ther- 
tna.'  aubility  b  overcome  by  the  present  invention  We 
have  ftxind  tha;  the  new  ancpnaiooc  (NFahWnF*  KX 

urn*'}  hr  r  i  h.£h  tLir.rcricc.'  flccrmc  coctcc1  sf  59 0 

isTaght  pxrrccnt,  but  the-  possesses  the  thermal  ttabtliry 
required  for  long  term  notability  Thn  salt  »  prepared 
by  the  meu’hrOca]  reactx*  of  Gt’MnF*  with  NF+SbFi 
b  anhydrous  HF  as  a  solvent 

DETAILED  DESCRIPTION  OF  THE 
INVENTION 

Prepare  bon  and  Purification 

In  the  Nj  atmosphere  of  a  dry  boi  a  mixture  of 
NF4SbFt(37J9  mraol)  and  GijMnF*  (18.53  mxr>o!)  was 
placed  bto  the  bottom  a  prepassivaied  Tefioc  FEP 
double  U-tubc  metathesis  apparetux  Dry  HF  (20  ml 
liquid)  was  added  *t  —  78*  C  on  the  vacuum  hne,  and 
the  mixture  war  warmed  to  25*  C.  for  30  mb  with 
rcimng  Tbc  mixture  was  cooled  to  —78*  C  and  pires- 
aure  filtered  at  this  temperature  The  HF  aolvent  wax 
pumpied  off  at  30*  C  for  12  bourx  The  while  fUter-caie 
{14  g.  weight  eled  for  37,1  mtooi  of  CsSbFt*  13.7  g) 
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was  shown  by  Ramar.  *;<-  troscopy  lo  consist  mainly  of 
CXSbF*  The  yellow  filtrate  residue  (6.1  g.  weight  eled 
for  18.5  mmol  of  {NF*)jMnF*«6  46  g)  was  shown  by 
elemental  analysis  to  have  the  following  composition 
(weight  %)  (NFahMnF*.  9U7;  NFiSbF*  4J7;  3 
CaSbF*  4  46  For  the  elemental  analysis,  a  sample  of 
(NFihMoF*  vas  Knlrcliusi  m  HA  tod  KFj  and  Oj 
evolution  was  measured  by  PVT  and  gat  chromatogra¬ 
phy,  and  CX  Sb,  and  Ma  m  the  hydrolysate  were  deter¬ 
mined  by  atomic  absorption  spectroscopy  Anal  Calod 
for  (NF«hMnF*  91.37.  NFaSbFa  4J7,  CaSbF*  4  46. 
NF*  38.07,  Mo.  14J7.  Sb.  3  07,  CX  1.61  Found  NF>, 
37.1,  Mn,  143.  Sh,  3  10,  CX  1.61  Punfkatx*  of  the 
sample  is  accomplished  by  using  w-eH  established  re-  jj 
crystallization  techniques. 

Solubifcty  and  R cacti vjry  Properties 

The  (NFahMnF*  sah  n  a  yeDow,  'cryslallmic  solid 
which  is  high!)  soluble  m  anhydrous  HF.  At  24*  O,  to 
solubility  1  JO  g  per  g  HF  It  b  stable  at  room 

temperature  and.  m  the  atoenre  at  fuels,  it  is  not  shoes 
sensitive.  With  water  a  violent  readier  occurs  By  anal¬ 
ogy  with  the  other  known  NTs  *  sXts,  the  hydrolysa 
was  found  to  resuh  in  quantitative  NFj  evolution  and  ® 
therefore,  is  a  useful  analytical  mrthfci.  The  hydrolysa 
also  produced  oxygen  m  a  KFjOj  rook  ratio  of  83  m 
cxeeHen'.  agreement  with  the  following  equation 

10 

*(VF^M«F4-  K3H.O-4W,-  Xh-3QHF-.**< 

•fi 

Stability  and  ThertnaJ  Decompaction  Rate 
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cell  with  a  — 6.90  A,  c«9J3  A.  Z-2,  apace  group 
I4/m.  and  a  calculated  density  of  2.64  g  cm- J. 

Ionic  Nature  By  NMR  Spectrum 

The  ionic  nature  of  (NFsJjMnFs  in  HF  solution  was 
established  by  to  ,fF  NMR  spectrum  which  was  re¬ 
corded  over  the  temperature  range  20*  to  —75*  C  It 
showed  at  all  tempera  lures  a  broad  resonance  at  4— 218 
(downfietd  from  external  CFQj),  characteristic  of 
10  NF4+  The  lack  of  observable  NT  ipin-apin  coupling, 
generally  seers  for  tetrahedral  NF«4  is  attributed  to  the 
influerce  of  the  paramagnetic  MnF*J  ~  anion  which  can 
provide  rapid  relaxation 
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XJU)  Pciwln  D«u  </  (NF*>-  MiF 
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a* 

t.447 

•4a  t,  i  ii  miw  md  Wfc— 

The  »t.*jc  nature  of  (NFahMnF*  in  the  solid  Kate  was 
est/pinhed  by  to  vibraoooai  spectra  which  exhibit  the 
k»jds  charsdenstic  NTs*  tad  MnF*J-.  The  ob¬ 
served  vibrational  frequencies  and  their  assignment*  are 
aummarjed  tc  Table  3 


Ai  65'  C-.  (NF«fcMnF*  appears  tc  be  stable,  but  at  35 
about  IX'  n  staru  to  slow  !>  decora  pose  Its  deccmposs- 
taoc  rau  in  a  sapphire  reactor  a  as  monitored  by  total 
pressure  measurement!  over  the  temperature  range  100* 
to  130*  C  Except  for  a  slightly  faster  rate  during  the  ^ 
fin*.  2C  minutes,  the  deccenpoatoon  pressures  mcreaard 
approximately  hnearly  with  tune  at  100*  C  At  130*  C 
the  rates  slight  K  accelerated  with  increasing  tone,  how¬ 
ever.  this  rate  mcrra*c  was  quite  small.  At  IX*  C 
0  17%  of  the  sample  decomposed  tc  17  hours,  whereas,  45 
at  130*  C  0  o'  the  sample  decomposed  ic  the  same 
time  The  gaseous  decora  pass  non  products  consmed  of 
f  ^  *  *r  i  nr*bnct  1  to  1.2  For  identifi- 

catior  of  the  residue  a  sample  of  (KFshMuFs  was 
completely  decomposed  in  a  dynamic  vacuum  at  240*  * 
C  Based  or  ns  weight.  X-ray  powder  diffraction  pat¬ 
tern  and  mauve  color,  this  residue  was  identified  as 
MnFj  Consequently,  (NFshMnFs  decomposes  accord- 
tog  to  ,, 


TABLE  3 


VIBKaTION  AL  SPECTHA  OF  SOUD  fNT*w  iF* 

Ob*d  trrn^  a‘:, 
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J(NF«>:MiiF,~4NFi4  5Fj-r2MisF} 

A  comparison  with  the  decomposition  data  previously 
published  for  (NFshNiF*  showt  that  the  thermal  stabil¬ 
ity  of  (NT«)jMnF*  ^  significantly  higher  than  that  of 
(NFihNir*  which  is  6  hours  at  100*  C  exhibited  9% 
decomposition. 

Crystallographic  Data 

The  X-ray  powder  diffration  pattern  of  {NF*)jMiiF* 
b  listed  in  Table  2.  It  was  indexed  for  a  tetragonal  unit 


Obviously,  numerous  variations  and  modifications 
may  be  made  without  departing  from  the  present  inven¬ 
tion  Accordingly,  h  should  be  clearly  understood  that 
to  the  form*  of  the  present  invention  described  above  are 
illustrative  only  and  are  not  intended  to  kmii  the  scope 
of  the  present  invention 
We  claim: 

1.  The  salt  having  the  formula:  (NTihMcF*.  and 
65  characterized  by  hiving  good  thermal  stability  is  flor¬ 
et. 
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P.0.  Box  21 D 
Cumberland,  MD  21502 
Attn:  Dr.  Rocco  Musso 


Hercules  Inc.  Eglin 
AFATL/DLDL 

Eglin  AFB,  FI  32542 
Attn:  Dr.  Ronald  L.  Simmons 

Hercules  Inc.  Magna  1 

Bacchus  Works 

P.0.  Box  9B 

Magna,  UT  B4D44 

Attn:  Mr.  E.  H.  DeButts 

Hercules  Inc.  Magna  1 

Bacchus  Works 

P.O.  Box  9B 

Magna,  UT  B4044 

Attn:  Dr.  James  H.  Thatcher 

HQ  US  Army  Material  Development  1 
Readiness  Command 
Code  DRCDE-DW 
5D11  Eisenhower  Avenue 
Room  BN42 

Alexandria,  Va  22333 
Attn:  Mr.  S.  R.  Matos 

Johns  Hopkins  University  APL  1 

Chemical  Propulsion  Information 
Agency 

Johns  Hopkins  Road 

Laurel,  MD  2D810 

Attn:  Mr.  Theodore  M.  Gilliland 

Lawrence  Livermore  Laboratory  1 

University  of  California 
Livermore,  CA  94550 
Attn:  Dr.  M.  Finger 

Lawrence  Livermore  Laboratory  1 

University  of  California 
Livermore,  CA  94550 
Attn:  Dr.  R.  McGuire 

Lockheed  Missiles  and  Space  Co.  1 

P.O.  Box  504 
Sunnyvale,  CA  94088 
Attn:  Dr.  Jack  Linsk 
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No.  Copies 

Lockheed  Missile  &  Space  Co.  1 

3251  Hanover  Street 
Palo  Alto.  CA  94304 
Attn:  Dr.  I.  P.  Marshall 
Dept.  52-35 

Los  Alamos  Scientific  Lab  1 

P.0.  Box  1663 
Los  Alamos,  NC  87545 
Attn:  Dr.  R.  Rogers,  WX-2 

Los  Alamos  Scientific  Lab  1 

P.0.  Box  1663 

Los  Alamos,  NC  87545 

Attn:  Dr.  B.  Craig,  M  Division 

Naval  Air  Systems  Command  1 

Code  330 

Washington,  DC  20360 
Attn:  Mr.  R.  Heitkotter 
Mr.  R.  Brown 

Naval  Air  Systems  Command  1 

Code  310 

Washington,  DC  20360 
Attn:  Dr.  H.  Mueller 

Or.  H.  Rosenwasser 

Naval  Explosive  Ordnance  1 

Disposal  Facility 
Indian  Head,  MD  20640 
Attn:  Lionel  Dickinson 
Code  D 

Naval  Ordnance  Station  1 

Code  5034 

Indian  Head,  MD  20640 
Attn;  Mr.  S.  Mitchell 

Naval  Ordnance  Station  1 

Code  PM4 

Indian  Head,  MD  20640 
Attn:  Mr.  C.  L.  Adams 

Dean  of  Research  1 

Naval  Postgraduate  School 
Monterey,  Ca  93940 
Attn:  Or.  William  Tolies 

Naval  Research  Lab 
Code  6510 

Washington,  DC  20375 
Attn:  Dr.  J.  Schnur 


No.  Copies 

Naval  Research  Lab  1 

Code  6100 

Washington,  DC  20375 

Naval  Sea  Systems  Command  1 

Washington,  DC  20362 
Attn:  Mr.  G.  Edwards,  Code  62R3 
Mr.  J.  Murrin,  Code  62R2 
Mr.  W.  Blaine,  Code  62R 

Naval  Sea  Systems  Command  1 

Washington,  DC  20362 
Attn:  Mr.  R.  Beauregard 
SEA  64E 

Naval  Surface  Weapons  Center  1 

Code  Rll 

White  Oak,  Silver  Spring,  MD 
20910 

Attn:  Dr.  H.  G.  Adolph 

Naval  Surface  Weapons  Center  1 

Code  R13 

White  Oak,  Silver  Spring,  MD 
20910 

Attn:  Dr.  R.  Bernecker 

Naval  Surface  Weapons  Center  1 

Code  RIO 

White  Oak,  Silver  Spring,  MD 
20910 

Attn:  Dr.  S.  J.  Jacobs 

Naval  Surface  Weaspons  Center  1 

Code  Rll 

White  Oak,  Silver  Spring,  MD 
20910 

Attn:  Dr.  M.  J.  Kamlet 

Naval  Surface  Weapons  Center  1 

Code  R04 

White  Oak,  Silver  Spring,  MD 
20910 

Attn:  Dr.  D.  J.  Pastine 

Naval  Surface  Weapons  Center  1 

Code  R13 

White  Oak,  Silver  Spring,  MD 
20910 

Attn:  Or.  E.  Zimet 
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Naval  Surface  Weapons  Center  1 
Code  R101 

Indian  Head,  MD  20640 
Attn:  Mr.  G.  L.  MacKenzie 

Naval  Surface  Weapons  Center  1 
Code  R17 

Indian  Head,  MD  2064D 
Attn:  Dr.  H.  Haiss 

Naval  Surface  Weaspons  Center  1 
Code  R 1 1 

White  Oak,  Silver  Spring,  MD 
2091D 

Attn:  Dr.  K.  F.  Mueller 

Naval  Surface  Weapons  Center  1 
Code  R16 

Indian  Head,  MD  2D64D 
Attn:  Dr.  T.  D.  Austin 

Naval  Surface  Weapons  Center  1 
Code  R 1 22 

White  Oak,  Silver  Spring,  MD 
2091D 

Attn:  M:r.  L.  Roslund 

Naval  Surface  Weapons  Center  1 
Code  R121 

White  Oak,  Silver  Spring,  MD 
2D91D 

Attn:  M:r.  M.  Stosz 

Naval  Weapons  Center  1 

Code  3853 

China  Lake,  Ca  93555 
Attn:  Dr.  R.  Atkins 

Naval  Weapons  Center  1 

Code  3205 

China  Lake,  Ca  93555 
Attn:  Dr.  L.  Smith 

Naval  Weapons  Center  1 

Code  3205 

China  Lake,  CA  93555 
Attn:  Dr.  C.  Thelen 

Naval  Weapons  Center  1 

Code  385 

China  Lake,  CA  93555 
Attn:  Dr.  A.  Amster 


Naval  Weapons  Center 
Code  388 

China  Lake,  Ca  93555 
Attn:  D.  R.  Derr 

Naval  Weapons  Center  1 

Code  388 

China  Lake,  Ca  93555 
Attn:  Dr.  R.  Reed,  Jr. 

Naval  Weapons  Center  1 

Code  385 

China  Lake,  Ca  9355 
Attn:  Dr.  A.  Nielsen 

Naval  Weapons  Center  1 

Code  3858 

China  Lake,  Ca  93555 
Attn:  Mr.  E.  Martin 

Naval  Weapons  Center  1 

China  Lake,  CA  93555 
Attn:  Mr.  R.  McCarten 

Naval  Weapons  Support  Center  1 

Code  5D42 

Crane,  Indiana  47522 
Attn:  Dr.  8.  Douda 

Rohm  and  Haas  Company  1 

723-A  Arcadia  Circle 

Huntsville,  Alabama  35801 
Attn:  Dr.  H.  Shuey 

Strategic  Systems  Project  Dffice  1 
Dept,  of  the  Navy 
Room  9D1 

Washington,  DC  203/b 
Attn:  Dr.  J.  F.  Kincaid 

Strategic  Systems  Project  Dffice  2 
Dept,  of  the  Navy 
Room  1D48 

Washington,  DC  20376 
Attn:  Mr.  E.  L.  Throckmorton 
Mr.  R.  Kinert 

Thiokol  Chemical  Corp.  8righam  1 
City 

Wasatch  Division 
8righam  City,  UT  843D2 
Attn:  Dr.  G.  Thompson 
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USA  ARRAOCOM 
OROAR-tCE 
Oover,  NJ  07801 
Attn:  Dr.  R.  F.  Walker 

USA  ARRAOCOM  1 

DRDAR-LCE 

Dover,  NJ  07801 

Attn:  Or.  N.  Slagg 

U.S.  Army  Research  Office  50 

Chemistry  Division 

P.O.  Box  12211 

Research  Triangle  Park,  NC 

27709 

Attn:  Dr.  B.  Spielvogel 

Fluorochem.  Inc.  1 

6B0  South  Ayon  Ave. 

Azusa,  CA  91702 
Attn:  Dr.  Kurt  Baum 

Univ.  of  Illinois  at  1 

Chicago  Circle 
Dept,  of  Chemistry 
P.O.  Box  4348 
Chicago,  ILL  60680 
Attn:  Professor  J.  H.  Boyer 

University  of  Massachusetts  1 

Department  of  Chemistry 
Amherst,  MA  03003 
Attn:  Professor  J:.  C.  Chien 

Rockwell  International  1 

Rocketdyne  Division 
6633  Canoga  Avenue 
Canoga  Park,  CA  91304 
Attn:  Dr.  M.  B.  Frankcl 

Polysciences,  Inc.  1 

Paul  Valley  Industrial  Park 
'.'arrington,  PA  1B976 
Attn:  Dr.  B.  David  Hal  pern 

The  Johns  Hopkins  University  1 

Department  of  Chemistry 
Baltimore,  MO  21218 
Attn:  Dr.  Joyce  J.  Kaufman 


Univ.  of  Massachusetts 
Department  of  Chemistry 
Amherst,  MA  03003 
Attn:  Professor  P.  tillya 

Office  of  Naval  Research 
800  N.  Quincy  Street 
Arlington,  Va  22217 
Attn:  Dr.  6.  Neece  Code  472 

SRI  International 
333  Ravenswood  Ave. 

Menlo  Park,  CA  94025 
Attn:  Or.  D.  L.  Ross 


